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ABSTRACT 


This  report  summarizes  the  results  obtained  on  Contract  F49620-88-C-0022.  The 
overall  objective  of  this  basic  research  program  was  the  quantitative  investigation  of  the 
fundamental  phenomena  relevant  to  aero-thermodynamic  distortion  induced  structural 
dynamic  blade  responses  in  multistage  gas  turbine  engines.  The  technical  approach 
involved  unique  benchmark  experiments  and  also  analyses.  In  particular,  the  flow  physics 
of  multistage  blade  row  interactions  were  investigated,  with  unique  unsteady  aerodynamic 
data  obtained  and  analyses  developed  to  understand,  quantify,  and  discriminate  the 
fundamental  flow  phenomena  as  well  as  to  direct  the  modeling  of  advanced  analyses.  Data 
obtained  define  the  flow  interactions  and  the  effects  on  both  the  aerodynamic  forcing 
function  and  the  resulting  unsteady  aerodynamics  of  compressor  rotor  blades  and  stator 
vanes  in  a  multistage  environment  over  a  wide  range  of  realistic  reduced  frequency  values 
for  the  first  time. 
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I.  INTRODUCTION 


The  structural  dynamic  response  of  turbomachinery  blading  to  aero- thermodynamic 
distortion  induced  excitations  is  an  item  of  rapidly  increasing  concern  to  designers  and 
manufacturers  of  gas  turbine  engines  for  advanced  technology  applications.  Namely,  the 
increasing  variety  of  modem  aircraft  and  missions  has  resulted  in  expanded  variations  of 
engine  designs  and  requirements.  These  have  a  direct  and  significant  effect  on  the  blading 
components,  i.e.,  fans,  compressors,  and  turbines,  and  thus  on  the  structural  dynamic 
characteristics  of  these  components. 

Turbomachinery  blading  forced  re.sponse  is  a  universal  problem,  with  every  new 
gas  turbine  engine  having  had  at  least  one  blade  row  or  stage  with  turbomachinery  blading 
forced  response  problems  and  each  engine  company  having  at  lea.st  one  such  problem.  The 
primary  mechanism  of  blade  failure  is  fatigue  caused  by  vibrations  at  levels  exceeding 
material  endurance  limits.  These  vibrations  (Kcur  when  a  periodic  forcing  function,  with 
frequency  equal  to  a  natural  blade  resonant  frequency,  acts  upon  a  blade  row.  Because  a 
blade  may  have  as  many  critical  points  of  high  stress  as  it  has  natural  modes,  the  de.signer 
must  determine  which  particular  modes  have  the  greatest  potential  for  aerodynamic 
excitation. 

With  the  resonant  airfoil  frequencies  able  to  be  accurately  predicted  with  finite 
element  structural  models,  the  Campbell  diagram  is  the  key  design  tool  in  a  O'*  order  bladed 
disk  forced  response  design  system  These  display  the  natural  frequency  of  each  blade 
mode  versus  rotor  speed  and,  on  the  same  plot,  the  aerodynamic  forcing  function 
frequency  versus  rotor  speed.  Figure  1. 


Figure  1 .  Campbell  Diagram  vSchematic 


At  each  intersection  point,  an  aerodynamically  induced  vibration  problem  is 
possible.  Thus,  these  intersection  points,  termed  resonant  speeds,  indicate  a  potentially 
significant  increase  in  vibratory  blade  response.  However,  as  Campbell  diagrams  do  not 
consider  either  the  detailed  aerodynamic  forcing  function  or  the  resulting  airfoil  row 
unsteady  aerodynamics,  they  provide  no  measure  of  the  amplitude  of  the  resulting  stress  at 
the  various  resonant  speeds. 

I.l  Unsteady  Aerodynamic  Modeling 

A  1^^  order  forced  response  design  system  is  defined  as  one  which  predicts  the 
amplitude  of  the  resulting  stress  at  the  resonant  speeds  utilizing  a  linearized  unsteady 
aerodynamic  model,  i.e.,  with  the  unsteady  flow  considered  to  be  a  small  perturbation 
superimposed  on  the  steady  flow.  Thus,  1*^  order  design  system  unsteady  aerodynamic 
modeling  is  performed  in  the  frequency  domain,  requiring  a  definition  of  the  unsteady 
aerodynamic  forcing  function  in  terms  of  its  harmonics.  The  unsteady  aerodynamic 
response  of  the  airfoil  row  to  each  forcing  function  harmonic  is  then  assumed  to  be 
comprised  of:  (1)  the  disturbance  being  swept  past  the  nonresponding  airfoils,  termed  the 
gust  unsteady  aerodynamics,  and  (2)  the  airfoil  vibratory  response  to  this  disturbance, 
referred  to  as  the  motion-induced  unsteady  aerodynamics  or  the  aerodynamic  damping. 
Finally,  an  aeroelastic  or  structural  dynamics  model  is  utilized  to  predict  the  blade  row 
response,  typically  accomplished  by  a  classical  Newton's  second  law  approach  with  the 
unsteady  aerodynamics  combined  with  a  lumped  parameter  airfoil  model. 

1*^  order  design  system  unsteady  flow  models  can  be  broadly  categorized  in  terms 
of  the  hierarchy  of  steady  flow  and  gust  models.  Figure  2. 


3 


*  FInl  Plate  Cascade  at  xcro  incidence 

0(x.O  =  u«  + 


*  Cninlicrcd  Airfoil  Cascade  -  Irrolalinnai  floir 
(Linearized  PotenlinI  Fhnv) 

g(x.t)  =  v<i>„(;)+  V(|>(x*)c‘"' 


A 

k 


*  Cambered  Airfoil  Cascade  -  Rotational  flow 
(Linearized  Euler  Flow) 

=  Qo(x*)  +  <!(;?)€'««• 


Figure  2.  1**  order  design  system  unsteady  flow  model  hierarchy 


*  For  a  uniform  steady  flow,  both  the  steady  and  unsteady  flow  Helds  are  independent, 
with  a  flat  plate  airfoil  cascade  at  zero  incidence  considered. 

^x,t)  =  +  V<Kx)e““ 

where  Q(x,t)  is  the  total  flow  field,  U«  is  the  steady  uniform  flow,  V<)Kx)  is  the 
linearized  unsteady  potential  flow  and  w  is  the  gust  frequency. 

*  Linearizing  about  a  steady  potential  flow,  the  classical  models  were  extended  to 
predict  aerodynamic  damping  and  gust  loading  including  blade  profile  effects. 

^x,t)  =  VOoCx)  +  V«|Kx)ei“‘ 

where  <l>o  is  the  steady  potential  mean  flow  and  although  the  steady  field  is  still 
independent  of  the  unsteady  flow,  the  unsteady  flow  is  coupled  to  the  steady  flow 
through  the  boundary  conditions. 

*  Linearizing  about  a  steady  rotational  flow  modeled  by  the  Euler  equations,  the  gust 
modeling  is  being  further  extended. 

^x,t)  =  Qo(x)  +  qCxle'®* 

where  Qo  is  the  steady  Euler  mean  flow. 


1.2  Forcing  Functions 

There  are  many  analytical  and  physical  assumptions  inherent  in  the  various 
mathematical  models.  This  is  demonstrated  in  the  following  discussion  of  state-of-the  art 
linear  theory  forcing  function  modeling. 

The  source  of  the  aerodynamic  forcing  function  is  generally  a  distortion  in  the  inlet 
or  exit  flow  field  of  an  airfoil  row.  To  analyze  the  resulting  airfoil  row  forced  response, 
the  forcing  function  is  assumed  to  be  specified.  In  a  1^  order  design  system,  this  forcing 
function  is  then  Fourier  decomposed  into  harmonics,  with  the  response  to  each  harmonic 
then  determined.  Note  that  although  forcing  functions  can  be  generated  by  a  wide  variety 
of  sources,  the  resulting  forced  response  to  each  harmonic  is  assumed  to  be  the  same  if  the 
particular  forcing  function  harmonic  is  the  same,  i.e.,  if  the  harmonic  frequency  and 
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amplitude  of  two  forcing  functions  generated  by  different  i.  m  phenomena  are  the  same, 
then  the  resulting  forced  rCvSponse  will  be  the  same. 

Wakes  from  upstream  airfoil  rows  are  one  of  the  most  common  unsteady 
aerodynamic  forcing  functions.  Thus,  consider  a  wake  from  an  upstream  rotor  blade  row. 
In  cla.ssical  linear  theory,  the  wake  flow  field  is  considered  to  be  composed  of  a  uniform 
mean  flow  and  a  superimposed  harmonic  vortical  gust  w  propagating  according  to  the 
wave-number  vector  k.  The  corresponding  turbomachine  blade-row  flow  field  schematic  is 
presented  in  Figure  3.  For  convenience,  the  rotor  wake  periodic  shape  has  been  Fourier 
decomposed  and  the  fundamental  harmonic  depicted.  The  downstream  relative  vel(x:ity 
decreases  from  the  mean  in  the  rotor  wake  and  increa.ses  from  the  mean  in  the  free  stream 
by  the  amplitude  of  the  vortical  gust  w+.  It  is  this  harmonic  velocity  which  is  the  unsteady 
aerodynamic  forcing  function  to  the  downstream  airfoil  rows. 


Figure  3.  Turbomachine  blade-row  flow  field  schematic 


In  the  downstream  airfoil  row  stationary  reference  frame,  the  propagation  of  the 
harmonic  vortical  gust  is  defined  by  considering  periodicity  requirements  in  the  axial- 
circumferential  coordinate  system.  As  a  consequence  of  this  periodicity,  the  downstream 
mean-relative  flow  W2  and  the  gust  propagation  vector  k  must  be  perpendicular. 


The  stator  row  flow  field  is  modeled  as  being  compressible  and  isentropic.  For  a 
uniform  steady  flow,  the  linearized  continuity  and  momentum  equations  describing  the 
perturbation  velocity  and  pressure  are 


1  Pop 
PoCl  Dt 


u  =  0 


(1) 


Dt 


(2) 


Dt  at  8x- 


This  inviscid  flow  is  analyzed  by  superpositioning  rotational  and  irrotational  flow 
fields.  Thus  the  unsteady  velocity  perturbation  u  is  considered  to  consist  of  a  rotational 
velocity  component  w  and  an  irrotational  component,  with  these  components  satisfying 
continuity  independently.  The  airfoil  surface  boundary  condition  introduces  the  effect  of 
the  forcing  function  rotational  flow  or  gust  into  the  unsteady  pressure  field.  This  requires 
the  specification  of  the  rotational  flow  field  generated  by  the  gust  w. 

The  propagation  of  the  gust  is  described  by 

w  =  =  0  (3) 

where  the  gust  component  amplitude  vector  is  w^  =  u+i  +  v+j,  the  gust  propagation  vector 
is  k  =  kxi  +  kyj  and  x  =  xi  yj. 

To  satisfy  continuity,  the  rotational  gust  velocity  perturbation  and  propagation 
vector  must  be  perpendicular  for  all  time  and  space,  W  k  =  0.  Thus,  continuity 
considerations  result  in  two  constraints  on  the  rotational  gust  forcing  function  flow  field. 

*  The  primary  constraint  is  the  requirement  that  the  phase  angle  between  the 
streamwise  and  transverse  gust  component  harmonics  (j>w  be  equal  to  either  0“  or 
180‘,  i.e.,  the  gust-component  phase  angle  (l>w  =  0°  or  180°.  When  this  primary 
constraint  is  satisfied,  the  gust  amplitude  simplifies  to  w+  =  Vu-*-^  +  v+2,  with  the 


periodic  velocity  vectors  parallel  over  the  gust  periodic  cycle.  If  the  primary 
constraint  is  not  satisfied,  the  gust  amplitude  is  not  a  simple  function  of  the  gust- 
component  amplitudes  and  the  velocity  vector  direction  is  a  function  of  time  and 
space. 

*  The  secondary  constraint  stipulates  that  the  gust-component  amplitude  vector  must 
be  parallel  to  the  downstream  mean-relative  flow  w^  ||  W2  if  the  primary  constraint 
is  satisfled. 


1.3  Significance 

As  demonstrated  in  the  above,  there  are  many  analytical  and  physical  assumptions 
inherent  in  the  various  mathemadcal  models.  However,  minimal  attendon  has  been  given 
to  either  the  aerodynamic  forcing  function  or  to  the  blade  row  interactions,  i.e.,  only 
isolated  airfoil  rows  are  considered  with  viscous  effects  not  analyzed.  Experimentally  only 
very  limited  appropriate  fundamental  unsteady  aerodynamic  data  exist  to  verify  existing 
models,  with  these  data  generally  not  suitable  to  discriminate  and  quandfy  the  fundamental 
flow  phenomena  and  direct  the  development  of  advanced  mathemadcal  models.  Also,  all  of 
the  exisdng  data  have  been  obtained  in  isolated  blade  rows  or  in  single  stages.  Thus,  the 
important  effects  associated  with  muldstaging,  including  the  blade  row  potendal  and 
viscous  flow  interactions,  have  not  been  iavesdgated. 
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II.  PROGRAM  OBJECTIVES  &  TECHNICAL  APPROACH 

The  overall  objective  of  this  research  program  was  the  quantitative  investigation  of 
the  fundamental  phenomena  relevant  to  aero-thermodynamic  distortion  induced  structural 
dynamic  blade  responses  in  multistage  gas  turbine  engine  components.  In  particular,  the 
flow  physics  of  multistage  blade  row  interactions  were  experimentally  investigated,  with 
unique  unsteady  aerodynamic  data  obtained  to  understand,  quantify,  and  discriminate  the 
fundamental  flow  phenomena  as  well  as  to  direct  the  flow  modeling  in  advanced  analyses. 
Data  obtained  investigate  the  flow  interactions  and  their  effect  on  both  the  aerodynamic 
forcing  function  and  the  resulting  unsteady  aerodynamics  of  both  compressor  rotor  blades 
and  stator  vanes  in  a  multistage  environment  at  realistic  reduced  frequency  values  for  the 
first  time.  Namely,  the  effects  of  various  aerodynamic  forcing  functions  on  rotor  blade 
row  unsteady  aerodynamic  response  over  a  range  of  operating  conditions  in  a  multistage 
compressor  environment  were  to  be  investigated. 

The  technical  approach  to  achieving  these  experimental  objectives  included  the 
acquisition  and  analysis  of  unique  unsteady  aerodynamic  data  to  quantify  the  aerodynamic 
forcing  function  and  the  resulting  unsteady  aerodynamics  on  each  rotor  blade  row  of  the 
Purdue  Three-Stage  Axial  Flow  Research  Compressor.  Also,  analytically,  unsteady 
viscous  flow  analyses  were  developed  which  model  the  unsteady  cascade  aerodynamics 
generated  by  both  a  convected  gust  and  harmonic  airfoil  oscillations. 


(S/llll 
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HI.  RESULTS 

The  experimental  and  analytical  research  results  obtained  are  contained  in  both  the 
publications  and  the  graduate  student  theses.  The  publications  describing  these  results  are 
summarized  in  the  following,  with  the  detailed  results  and  publications  presented  in  the 
appendices. 

These  results  are  categorized  in  the  following  as;  (1)  Data  Analysis,  (2) 
Experimental  Gust  Generated  Unsteady  Aerodynamics  which  is  further  divided  into  Blade 
Row  Response  and  Forcing  Function  Signilicance,  and  (3)  Mathematical  Modeling. 


Ill.l  Data  Analysis 

The  acquisition  and  analysis  of  time-variant  data  by  ensemble  averaging  discards 
information  describing  significant  unsteady  flow  phenomena. 

Figure  4  presents  samples  of  the  instantaneous  cross  hot-wire  probe  signal  which 
make  up  the  ensemble  averaged  rotor  blade  exit  flow  field  together  with  the  exit  flow  field 
averaged  200  times.  In  the  free  stream  region,  the  instantaneous  signals  are  analogous  to 
one  another  and  to  the  ensemble  averaged  free  stream  results  as  expected.  However,  the 
instantaneous  signals  in  the  rotor  blade  wake  region  are  somewhat  surprising.  Namely, 
some  of  these  instantaneous  signals  are  analogous  to  one  another  and  to  the  characteristics 
of  the  ensemble  averaged  wake,  but  others  differ  significantly  from  the  expected  wake 
profile. 
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Figure  4.  Rotor  blade  exit  instantaneous  and  averaged  flow  field 


The  unsteady  flow  phenomena  resulting  in  the  differences  in  the  instantaneous  rotor 
blade  wake  data  have  been  investigated  and  these  data  interpreted.  This  was  accomplished 
by  developing  a  mathematical  model  of  the  rotor  blade  exit  flow  field,  with  a  vortex  street 
structure  for  the  blade  wake.  Predictions  from  this  model  were  then  utilized  to  interpret  the 
instantaneous  rotor  blade  exit  flow  field  data  and  demonstrate  the  existence  of  a  vortex 
street  structure  in  the  rotor  blade  wake.  This  wake  vortex  street  structure  is  analogous  to 
the  unsteady  flow  Held  behind  bluff  bodies  due  to  classical  von  Karman  vortex  shedding. 


II1.2  Experimental  Gust  Generated  Unsteady  Aerodynamics 

Experiments  to  investigate  the  fundamental  flow  physics  and  quantify  the  blade  row 
unsteady  aerodynamic  response  to  gusts  generated  by  inlet  flow  distortions  and  blade 
wakes  have  been  performed  in  an  extensively  instrumented  research  three  stage  axial  flow 
compressor  for  both  low  and  high  reduced  frequency  values,  with  steady  loading  as  a 
parameter.  These  unique  data  were  then  correlated  with  state  of  the  art  linearized  gust 
response  predictions. 

The  significant  results  of  these  experiments,  including  their  implications  to 
advanced  mathematical  model  requirements,  include  the  following. 

Blade  Row  Response 

*  The  steady  aerodynamic  loading  level,  not  the  incidence  angle,  is  the  key  parameter 
to  obtain  good  correlation  with  linearized  cascade  gust  model  predictions. 

*  The  aerodynamic  forcing  function  chordwise  gust  affects  both  the  dynamic  pressure 
coefficient  magnitude  and  phase  whereas  the  transverse  gust  primarily  affects  the 
magnitudes.  These  effects  cannot  be  predicted  with  harmonic  gust  models  because 
these  data  have  been  Fourier  decomposed,  with  the  predictions  thus  identical  for  all 
forcing  function  wave  forms. 

*  The  chordwise  gust  is  not  small  compared  to  either  the  absolute  velocity  or  the 
transverse  gust  Thus  to  provide  accurate  predictions,  unsteady  aerodynamic  models 
must  consider  this  gust  component 

*  There  are  large  and  significant  differences  between  high  and  very  high  reduced 
frequency  gust  generated  unsteady  aerodynamic  response  of  the  rotor  blade  row,  with 
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current  slate-of-lhe  art  math  models  not  able  to  predict  these  responses.  Figure  5.  As 
blade  row  forced  response  problems  are  significani  over  the  complete  range  of  reduced 
frequency  values,  i.e.  low,  high  and  very  high  reduced  frequency  values,  advanced 
math  models  must  be  developed. 


Unsteady  Pressure 
[}ifference  Magniuide 

ICipl 


Figure  5.  High  and  very  high  reduced  frequency  rotor  blade  gust  response 

*  For  closely  spaced  stages,  downstream  airfoils  rows  are  potential  aerodynamic 
excitation  sources  which  affect  the  unsteady  loading  in  the  uniting  edge  region  of  the 
upstream  airfoils.  Since  the  trailing  edge  is  thin,  it  would  be  highly  susceptible  to 
fatigue  failure. 

*  Steady  flow  separation  has  a  significant  influence  on  the  unsteady  aerodynamics  of 
the  separation  point  and  also  in  the  trailing  edge  region.  As  most  forced  response 
problems  are  at  off-design  conditions,  additional  research  is  needed  to  understand 
steady  flow  separation  effects  on  the  resulting  gust  generated  unsteady  aerodynamic 
blade  row  response. 


*  The  unsteady  pressure  response  on  the  blade  pressure  surface,  i.e.,  the  low  camber 
surface  is  primarily  affected  by  the  level  of  steady  loading  as  characterized  by  the  mean 
flow  incidence  angle  except  in  the  accelerating  mean  flow  field  of  the  front  chord  region 
at  negative  incidence  angle. 

*  The  unsteady  pressure  response  on  the  high  camber  blade  suction  surface  is 
affected  by  the  level  of  steady  loading,  i.e.,  the  accelerating  mean  flow  field  in  the  front 
half  of  the  surface  and  the  large  viscous  regions  in  the  aft  half  of  the  surface.  Thus,  for 
turbines  with  highly  cambered  high  turning  airfoils  and  accelerating  flow  fields,  the 
level  of  steady  loading  and  the  interaction  between  the  steady  and  unsteady  flow  fields 
must  be  considered.  Unfortunately,  no  fundamental  turbine  blade  row  gust  response 
unsteady  aerodynamic  data  has  been  obtained  to  date.  In  view  of  the  high  degree  of 
susceptibility  of  turbine  blade  rows  to  flow  induced  vibration  problems,  this  area  of 
research  needs  attention,  both  with  regard  to  flow  induced  vibrations  and  unsteady  heat 
transfer. 


Forcing  Function  Significance 


Two  different  two  per  rev  aerodynamic  forcing  functions  were  considered:  (1)  the 
velocity  deficit  from  two  90'  circumferential  inlet  flow  distortions  and  (2)  the  wakes  from 
two  upstream  obstructions.  Figure  6.  These  aerodynamic  forcing  functions  to  the  first 
stage  rotor  blade  row  were  equivalent  in  terms  of  state-of-the-art  linearized  unsteady  flow 
models,  including  the  reduced  frequency,  interblade  phase  angle  and  ratio  of  the 
sU'eamwise-to-normal  gust  component  amplitude  ratio. 


ClrcuwHunMI  Potmon.  t 
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Figure  6.  Fundamentally  equivalent  inlet  distortion  and  wake  forcing  functions 


13 


♦  The  rotor  steady  aerodynamic  performance  was  found  to  be  independent  of  the 
aerodynamic  forcing  function. 

*  The  wake  generated  rotor  row  unsteady  first  harmonic  response  is  much  greater 
than  that  generated  by  the  inlet  distortion,  with  the  difference  decreasing  with  increased 
steady  loading,  Figure  7.  Also,  these  results  can  not  be  predicted  with  state-of-the-art 
linearized  gust  response  models  as  the  fundamental  parameters  for  the  two  forcing 
functions  are  equivalent.  Note  that  these  are  the  first  quantitative  results  clearly 
showing  that  the  forcing  function  fluid  dynamics  is  signiHcant  with  regard  to  flow 
induced  vibration  modeling  and  is  not  considered  in  current  state-of-the-art  gust 
response  models. 


Q 


Figure  7.  Inlet  distortion  and  wake  generated  rotor  row  unsteady  1*^  harmonic  response 


III.3  Mathematical  Modeling 


The  resonant  conditions  at  which  significant  flow  induced  vibrations  may  occur  can 
be  predicted  with  Campbell  diagrams,  although  Campbell  diagrams  give  no  information 
concerning  the  amplitude  of  the  response.  However,  many  of  the  resonant  conditions 
indicated  on  the  Campbell  diagram  correspond  to  off-design  operating  conditions  where 
viscous  effects  may  be  significant.  Thus,  although  considerable  progress  has  been  made  in 
the  prediction  of  the  unsteady  aerodynamics  of  oscillating  airfoils,  these  analyses  are  not 
applicable  to  these  off-design  conditions.  This  is  because  these  small  perturbation  analyses 
are  typically  limited  to  inviscid  potential  flows. 

To  begin  to  address  these  important  off-design  flow  conditions,  two  mathematical 
models  have  been  developed. 

(1)  The  first  analysis  models  the  unsteady  aerodynamics  of  an  harmonically 
oscillating  flat  plate  airfoil,  including  the  effects  of  mean  flow  incidence  angle,  in  an 
incompressible  laminar  flow  at  moderate  values  of  the  Reynolds  number.  The  unsteady 
viscous  flow  is  assumed  to  be  a  small  perturbation  to  the  steady  viscous  flow  field. 
The  nonuniform  and  nonlinear  steady  flow  is  described  by  the  Navier-Stokes  equations 
and  is  independent  of  the  unsteady  flow.  The  small  perturbation  unsteady  viscous  flow 
is  described  by  a  system  of  linear  partial  differential  equations  that  are  coupled  to  the 
steady  flow  field,  thereby  modeling  the  strong  dependence  of  the  unsteady 
aerodynamics  on  the  steady  flow. 

(2)  The  second  analysis  predicts  the  effect  of  flow  separation  on  the  unsteady 
aerodynamic  lift  and  moment  acting  on  a  two  dimensional  flat  plate  cascade  which  is 
harmonically  oscillating  in  a  subsonic  flow  field.  The  unsteady  flow  is  considered  to 
be  a  small  perturbation  to  the  uniform  steady  flow,  with  the  steady  flow  assumed  to 
separate  at  a  specified  fixed  position  on  the  airfoil  suction  surface.  This  formulation 
does  not  require  the  difference  in  the  upwash  velocity  across  the  airfoil  in  the  separated 
flow  region  to  be  determined  before  calculating  the  unsteady  pressure  difference  in  the 
upwash  velocity  across  the  airfoil  in  the  separated  flow  region  to  be  determined  before 
calculating  the  unsteady  pressure  difference  across  the  chordline  of  the  airfoils,  thereby 
eliminating  the  assumption  that  the  upwash  difference  is  zero  at  the  trailing  edge  when 
the  steady  flow  is  separated.  Results  obtained  demonstrate  that  although  flow 
separation  decreases  bending  mode  stability,  it  does  not  result  in  bending  mode  flutter. 


However,  flow  separation  can  result  in  torsion  mode  flutter,  with  this  instability  being  a 
function  of  the  location  of  both  the  separation  point  and  the  elastic  axis. 

In  addition,  a  model  has  been  develop  which  predicts  the  turbulence  generated 
single  degtee-of-freedom  bending  and  torsion  mode  vibration  response  of  a  turbomachine 
blade  row  operating  in  a  subsonic  compressible  flow  field.  The  turbulence  is  assumed  to 
be  random  in  the  neighborhood  of  the  blade  natural  frequency  of  interest  and  to  generate  a 
large  number  of  constant  amplitude  harmonic  unsteady  aerodynamic  lift  forces  and 
moments  on  the  blading  with  equally  distributed  frequencies.  The  resulting  random  airfoils 
vibrations  thus  occur  at  the  blade  natural  frequency.  The  unsteady  aerodynamics  generated 
by  the  blade  response  i.e.,  the  aerodynamic  damping,  as  well  as  the  effect  of  blade 
aerodynamic  coupling  are  also  considered. 
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Abstract.  Time-variant  data  are  obtained  to  investigate  the  exit  flow 
held  from  a  rotor  in  a  research  compressor.  In  the  Tree-stream  re¬ 
gion,  the  instantaneous  data  are  analogous  to  one  another  and  to 
the  ensemble  averaged  Tree-stream  results.  However,  in  the  wake 
region,  some  oT  the  instantaneous  signals  arc  similar  to  one  another 
and  to  the  ensemble  averaged  wake,  but  others  differ  significantly. 
These  variations  in  the  instantaneous  data  are  interpreted  and 
shown  to  be  due  to  a  vortex  street  structure  in  the  wake.  This  is 
accomplished  by ;  ( I )  developing  a  mathematical  model  of  the  rotor 
blade  exit  flow  Held  based  on  a  wake  vortex  street  structure  analo¬ 
gous  to  (he  unsteady  flow  field  behind  bfuff  bodies  due  to  classical 
von  Karman  vortex  shedding;  and  (2)  correlating  predictions  oT 
both  the  ensemble  averaged  and  instantaneous  rotor  blade  exit  flow 
fields  as  well  as  the  velocity  probability  density  distributions  from 
this  vortex  wake  flow  field  model  with  the  corresponding  data.  The 
correlation  of  the  ensemble  averaged  rotor  blade  exit  flow  fields  is 
very  good  and  (he  flow  angle  distribution  correlation  excellent.  The 
predicted  instantaneous  rotor  blade  exit  flow  field  exhibits  many  of 
the  flow  features  found  in  the  data.  Also,  the  probability  density 
disiribulions  for  Ihe  data  and  the  vortex  wake  flow  field  model  are 
analogous  to  one  another. 


list  of  symbols 

N  number  of  rotor  revolutions 

6',  rotor  blade  wake  width 

S,  vortex  core  horizontal  spacing 

S,.  vortex  core  vertical  spacing 

II  velocity  component  parallel  to  vortex  street  motion 

t’  velocity  component  normal  to  vortex  street  motion 

tv  instantaneous  relative  velocity 

VV'  velocity  induced  by  vortex  street 

ff’,  free-stream  relative  velocity 

H'  velocity  of  vortex  street 

V  coordinate  parallel  to  vortex  street  motion 

y  coordinate  normal  to  vortex  street  motion 

It ,  free-stream  relative  flow  angle 

PnM  instantaneous  relative  flow  angle 

r  vortex  strength 

Subsiripis 

lower  lower  row  of  vortices 

upper  upper  row  of  vortices 

Suparsiriptx 

reference  frame  moving  with  vortices 
with  origin  at  vortex  street  centerline 


reference  frame  moving  wiili  vortices 
with  origin  at  center  of  vortex  rows 


I  InlrodiKiiuii 

The  basic  unsteady  flow  phenomena  inherent  in  lurboma- 
chine  blade  rows  are,  at  present,  generally  detrimental  to 
both  aerodynamic  elltciency  and  ihirabilily  fMikolaje/ak 
1976).  To  eliminate  these  detrimental  cflccts  in  advanced 
high  performance  component  designs,  fundumental  time- 
variant  flow  data  are  required.  The  acquisition  and  analysis 
of  such  data  has  only  recently  become  possible  with  the 
development  and  availability  of  high-response  transducers 
and  computer  controlled  digital  data  acquisition  and  analy¬ 
sis  systems. 

The  time-variant  data  of  interest  in  turbomachincs  arc 
typically  periodic,  being  generated  at  rotor  blade  passing 
frequency.  Hence,  a  digital  ensemble  averaging  technique 
based  on  the  signal  enhancement  concept  of  Gostelow  ( 1 977) 
is  used  for  data  acquisition  and  analysis  (e.g.,  Rothrock  el  al. 
1982,  Capece  et  al.  1986,  Shaw  et  ul.  1986).  The  key  to  this 
technique  is  the  ability  to  sample  data  with  the  same  data 
initiation  reference  over  a  time  interval  greater  than  (he 
periodic  signal  characteristic  lime.  The  periodic  component 
of  the  time-variant  signal  is  determined  by  averaging  a  scries 
of  corresponding  digitized  signals  with  the  same  data  initia¬ 
tion  reference,  thereby  eliminating  any  random  signal  com¬ 
ponents. 

To  demonstrate  this  ensemble  averaging  of  time-variant 
transducer  signals,  the  rotor  blade  exit  flow  field  is  measured 
in  the  Purdue  University  low  speed  research  compressor 
with  a  cross  hot-wire  probe  positioned  axially  midway  be¬ 
tween  the  rotor  and  stator  rows  al  mid-stator  circumfer¬ 
ential  spacing,  as  schematically  depicted  in  Fig.  I .  The  signal 
from  this  probe  is  digitized  and  averaged  over  25,  SO,  75, 100 
and  200  rotor  revolutions  to  determine  the  rotor  blade  exit 
flow  field  as  defined  by  the  velocity  distribution  (Fig.  2).  The 
ensemble  averaging  significantly  reduces  the  random  fluc¬ 
tuations  superimposed  on  the  periodic  signal,  with  the  time- 
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The  ( v',  r  )  coordinate  system  is  convecting  at  a  velocity 
II'  relative  to  the  rotor  blades,  with  the  time  to  convect  one 
vortex  core  spuning  proportional  to  the  vortex  spacing 
divided  by  this  convection  velocity.  Because  the  starting 
position  of  the  vortices  is  unknown,  a  random  value  of  x'lS^ 
between  0.0  and  1 .0  is  utilized  to  initiate  the  prediction  of  the 
instantaneous  position  of  the  vortices.  From  the  initial  x'/S^ 
value,  all  subsequent  positions  are  determined  through  use 
of  the  convection  time  and  a  time  increment.  The  initial  y'IS, 
position  is  taken  as  one-half  the  wake  width,  —  with 
all  subsequent  positions  determined  from  the  trajectory  of 
the  probe  position  in  the  relative  frame. 

2.4  Soliilion  proi  vtlure 

With  the  initial  .v'/S,  and  r'/S,  positions  specified,  the  coor¬ 
dinate  transformations  in  the  (.v".  y")  reference  frame  are 
resolved.  I'hese  velocities  are  then  transformed  to  the  (.v',  y) 
reference  frame  and  then  to  the  rotor  relative  reference 
frame.  Finally  the  instantaneous  relative  vcItKity  and  How 
angle  are  calculated. 

W  =  Jir  + (4a) 


2.5  Rotor  exit  flow  field  in  absolute  coordinates 

The  instantaneous  rotor  exit  relative  velocities  are  trans¬ 
formed  to  the  absolute  frame  of  reference  by  considering  the 
velocity  triangles  depicted  in  Fig.  I.  Using  the  relative  veloc¬ 
ity  and  flow  angle,  Eq.  (15),  together  with  the  free-stream 
averaged  relative  exit  flow  angle,  /f  (he  instantaneous  rela¬ 
tive  exit  flow  angle  is  determined,  Eq.  (3).  This  is  used  to 
transform  the  velocities  and  flow  angles  from  the  relative  to 
the  absolute  reference  frame. 

=  (5) 

This  rotor  blade  wake  model  is  quite  general.  To  utilize 
this  model  to  interpret  the  instantaneous  rotor  blade  exit 
flow  field  data,  the  vortex  geometry  and  strength  must  be 
specified.  The  geometric  parameters  are  the  vortex  core 
radius  ratio,  r„IS,,  (he  vortex  spacing  ratio,  S,IS„  and  (he 
width  of  the  wake,  with  the  vortex  strength  given  by 

r  iit.S,  fF,  . 

2.6  yorfex  geometry  for  research  compressor 

To  apply  this  voricx  street  wake  model  to  (he  rotor  blade 
exit  flow  field  data  obtained  in  the  Furdue  University  Re¬ 
search  Compressor,  the  vortex  geometry  and  strength  are 
specified  as  follows.  The  vortex  vertical  spacing,  S,,  is  taken 
to  be  one-half  the  wake  width,  S„.  The  vortex  vertical  spac¬ 
ing  is  adjusted  such  that  the  predicted  ensemble  averaged 
rotor  blade  wake  has  the  same  width  as  the  measured  wake. 
The  vortex  strength,  I'llnS^W , ,  and  the  vortex  spacing 
ratio,  are  determined  by  the  deficit  of  the  ensemble 
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'table  I.  Kulut  blade  voricx  sircci  parameters 


Spacing  ratio  ) 

0.70 

Core-radius  ratio  (r|,/.S|.) 

0,50 

Voricx  slrcnglh 

0.06 

(  ‘♦'A 

Induced  velocity  ratio  1  j 

0.18 

Wake  width  ratio  (6'„/.S',) 

1.40 

averaged  rotor  blade  wake  and  (he  probability  density  dis¬ 
tributions. 

A  study  of  these  key  parameters  revealed  that  increasing 
decreases  the  width  of  the  probability  density  distribu¬ 
tions  and  increases  (he  number  of  velocity  measurements, 
while  increasing  the  vortex  strength  increases  the  width  of 
the  probability  density  distributions  and  decreases  the  luiin- 
ber  of  velocity  measurements  per  bin.  For  this  investigation, 
(he  vortex  strength  is  taken  to  be  0.06  and  the  spacing  ratio 
0.70.  The  parameters  for  the  vortex  model  are  summarized 
in  Table  I. 


3  Results 

The  instantaneous  rotor  blade  exit  flow  field  data  previously 
presented  in  Fig.  3,  are  now  interpreted  with  this  rotor  blade 
vortex  wake  model.  This  is  aceomplished  by  correlating  pre¬ 
dictions  of  both  the  ensemble  averaged  and  instantaneous 
rotor  blade  exit  flow  fields  as  well  as  the  velocity  probability 
density  distributions  from  this  vortex  wake  flow  field  model 
with  the  corresponding  data. 

The  instantaneous  data  are  acquired  by  sampling  and 
digitizing  the  time-variant  hot-wire  signals  with  the  same 
data  initiation  reference.  This  sampling  and  digitizing  mea¬ 
surement  technique  is  simulated  in  the  vortex  model  through 
the  use  of  a  random  number  generator  to  establish  the  in¬ 
stantaneous  position  of  the  vortices  at  the  start  of  each 
sampling.  For  both  (he  data  and  (he  mathematical  model,  a 
series  of  corresponding  digitized  signals  is  generated  by 
repeating  (his  signal  sampling  process,  with  (he  ensemble 
averaged  rotor  blade  exit  flow  field  (hen  determined  by  aver¬ 
aging  this  series  of  digital  data  samples. 

Figure  5  presents  both  the  predicted  and  (he  measured 
rotor  blade  exit  flow  field  after  2(X)  averages.  The  correlation 
of  (he  velocity  field  is  very  good.  The  predicted  velocity 
distribution  is  symmetric  while  the  data  are  not  due  to  the 
steady  loading  on  (he  rotor  blades,  with  (he  predicted  veloc¬ 
ity  deficit  somewhat  less  than  (hut  measured.  The  flow  angle 
distribution  correlation  is  excellent. 

Samples  of  (he  instantaneous  rotor  blade  exit  flow  field 
predicted  by  the  vortex  wake  model  are  presented  in  Fig.  6. 
The  predictions  exhibit  many  of  (he  instantaneous  flow  fea¬ 
tures  previously  noted  in  the  data  presented  in  Fig.  3.  In  the 
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Fig.  5.  Correlation  of  predicted  and  measured  ensemble  averaged 
rotor  exit  How  field 


65 

rree-stream  region,  ihe  instantaneous  data  are  similar  to  one 
another  and  to  the  ensemble  averaged  frcc-stream  results. 
However,  in  the  wake  region,  some  of  the  instantaneous 
signals  are  similar  to  one  another  and  to  the  ensemble  aver¬ 
aged  wake,  but  others  dilTer  signineaiilly.  Thus,  these  varia¬ 
tions  in  the  data,  us  well  as  in  the  predictions,  are  a  result  of 
the  vortex  street  structure  of  the  rotor  blade  wake. 

The  velocity  probability  density  distributions  for  the  en¬ 
semble  averaged  measured  and  predicted  rotor  blade  exit 
flow  flelds  are  investigated  at  five  exit  flow  field  positions.  As 
indicated  schematically  in  Fig.  S,  positions  I  and  5  are  on 
opposite  sides  of  the  wake  in  the  free-streum  region,  posi¬ 
tions  2  and  4  are  on  the  two  wake  edges,  and  position  3  is 
at  the  center  of  the  wake.  The  velocity  probability  density 
distributions  are  constructed  with  0.5  m/s  bins,  and  are  pre¬ 
sented  in  Figs.  7  9,  with  the  center  velocity  of  each  bin  as  the 
ordinate  and  the  number  of  velocity  measurements  which 
occur  within  a  velocity  bin  as  the  abscissa. 

The  probability  density  distributions  determined  from 
the  data  in  the  free-stream,  on  the  wake  edges,  and  on  the 
centerline  of  the  wake  are  presented  in  Figs.  7  9,  respective¬ 
ly.  In  the  free-stream  region  outside  of  the  wake,  these  distri- 
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Fig.  6.  PreUicied  instantaneous  and  ensemble  averaged  rotor  exit  flow  field  velocities 


Fig.  7  a  and  b.  Free  stream  region  a  measured  and 
b  predicted  velocity  probability  density  distribu¬ 
tions 
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Experiments  in  l-'luids  7  ( I9lj9) 


Fig.  8  a  and  b.  Wake  edge  region  a  measured  and  b  predicted  velocity  probability  density  distributions 


Velocity  Im/s) 


Fig.  9a  and  b.  Wake  centerline  a  measured  and  b  predicted  velocity 
probability  density  distributions 

buttons  are  single  valued,  with  the  most  probable  velocity 
occurring  in  the  bin  centered  at  31  m/s.  On  the  edges  of  the 
wakes,  the  probability  density  distributions  exhibit  a  broad 
range  of  velocities  with  the  two  most  probable  velocities 
indicated.  At  the  wake  centerline,  a  still  broader  range  of 
velocities  are  found,  although  the  most  probable  velocities 
are  not  clearly  apparent: 

The  analogous  wake  vortex  model  predicted  Tree-stream, 
wake  edge,  and  wake  centerline  probability  density  distribu¬ 
tions  are  also  presented  in  Figs.  7-9.  These  distributions 
exhibit  the  same  trends  as  those  determined  from  the  data, 
in  particular,  the  free-stream  distributions  are  single  valued 
and  (he  wake  edge  and  centerline  distributions  broader,  with 


the  two  most  probable  velocities  indicated  not  only  on  the 
wake  edges  but  also  on  the  centerline  of  the  wake. 


4  Summary  and  conclusions 

Unsteady  flow  phenomena  which  are  a  source  of  total  pres¬ 
sure  loss,  flow  unsteadiness,  and  acoustic  excitation,  result  in 
significant  differences  in  (he  instantaneous  rotor  blade  wake 
region  data.  These  differences  have  been  investigated  and  (he 
data  interpreted.  This  was  accomplished  by:  (I)  developing 
a  mathematical  model  of  the  rotor  blade  exit  flow  field  based 
on  a  vortex  street  structure  for  the  wake  which  is  analogous 
to  the  unsteady  flow  field  behind  bluff  bodies  due  to  classical 
von  Karman  vortex  shedding;  and  (2)  correlating  predic¬ 
tions  of  both  the  ensemble  averaged  and  instantaneous  rotor 
blade  exit  flow  fields  as  well  as  the  velocity  probability  densi¬ 
ty  distributions  from  this  vortex  flow  field  model  with  the 
corresponding  data. 

Correlation  of  the  ensemble  averaged  predicted  and  mea¬ 
sured  rotor  blade  exit  flow  fields  was  very  good  and  the  flow 
angle  distribution  correlation  excellent.  The  instantaneous 
rotor  blade  exit  flow  field  predicted  by  the  vortex  wake 
model  was  shown  to  exhibit  many  of  the  instantaneous  flow 
features  previously  noted  in  (he  data.  Namely,  some  of  these 
instantaneous  results  were  analogous  to  one  another  and  to 
the  characteristics  of  the  ensemble  averaged  wake,  but  others 
differed  significantly  from  the  averaged  wake  profile. 

Probability  density  distributions  from  both  the  data  and 
the  vortex  wake  flow  field  model  were  also  investigated  in 
the  frec-stream,  on  (he  wake  edges,  and  on  the  centerline  of 
the  wake.  The  vortex  wake  model  distributions  exhibit  the 
same  (rends  as  those  determined  from  the  data.  In  the  free- 
stream  region  outside  of  the  wake,  these  distributions  are 
single  valued.  On  (he  edges  of  (he  wakes,  the  probability 
density  distributions  exhibit  a  broad  range  of  velocities  with 
the  two  most  probable  velocities  indicated.  At  the  wake 
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centerline  a  still  broader  range  of  velocities  is  found,  with  the 
model  distributions  indicating  a  dual  peak  but  the  probable 
velocities  from  the  data  are  not  clearly  apparent. 

1  hus,  it  is  concluded  that  the  variations  in  the  instanta¬ 
neous  data  in  the  wake  region  are  a  result  of  the  vortex  street 
structure  of  the  rotor  blade  wake. 
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The  fundamental  flow  physics  of  multistage  blade  row  interactions  are  experimen¬ 
tally  investigated  at  realistic  reduced  frequency  values.  Unique  data  are  obtained 
that  describe  the  fundamental  unsteady  aerodynamic  interaction  phenomena  on  the 
stator  vanes  of  a  three-stage  axial  flow  research  compressor.  In  these  experiments, 
the  effect  on  vane  row  unsteady  aerodynamics  of  the  following  are  investigated  and 
quantified:  (/)  steady  vane  aerodynamic  loading;  (2)  aerodynamic  forcing  func¬ 
tion  waveform,  including  both  the  chordwise  and  transverse  gust  components;  ( 3 ) 
solidity;  (4)  potential  interactions;  and  (5)  isolated  airfoil  steady  flow  separation. 


Introduction 

Airfoil  rows  of  advanced  gas  turbine  engines  are  susceptible 
to  destructive  aerodynamicaily  induced  vibrational  responses, 
with  upstream  blade  and  vane  wakes  the  most  common  excita¬ 
tion  source.  For  example,  in  the  single-stage  compressor  Row 
field  schematically  depicted  in  Fig.  I.  the  rotor  wake  velocity 
deficits  appear  as  a  temporally  varying  excitation  source  to  a 
coordinate  system  fixed  to  the  downstream  stator  vanes,  i.e.. 
the  rotor  blade  wakes  are  the  forcing  function  to  the 
downstream  stator  vanes.  Also  as  shown,  the  reduction  of  the 
rotor  relative  velocity  causes  a  decrease  in  the  absolute  velocity 
and  increases  the  incidence  to  the  stator  vanes.  This  produces 
a  fluctuating  aerodynamic  lift  and  moment  on  the  vanes, 
which  can  result  in  high  vibratory  stress  and  high  cycle  fatigue 
failure. 

First-principle  forced  response  predictive  techniques  require 
a  definition  of  the  unsteady  forcing  function  in  terms  of  har¬ 
monics.  The  total  response  of  the  airfoil  to  each  harmonic  is 
then  assumed  to  be  comprised  of  two  parts.  One  is  due  to  the 
disturbance  being  swept  past  nonresponding  airfoils.  The  sec¬ 
ond  arises  when  the  airfoils  respond  to  the  forcing  function.  A 
gust  analysis  predicts  the  unsteady  aerodynamics  of  the 
nonresponding  airfoils,  with  a  harmonically  oscillating  airfoil 
analysis  used  to  predict  the  additional  motion-induced 
unsteady  aerodynamics. 

Both  gust  and  harmonically  oscillating  unsteady 
aerodynamic  models  are  being  developed  (e.g..  Fleeter.  1973; 
Verdon  and  Caspar.  1981;  Engleri.  1982;  Aiassi.  1984;  Chiang 
and  Fleeter.  1988).  Within  these  models  are  many  numerical, 
analytical,  and  physical  assumptions.  Unfortunately,  there  is 
only  a  limited  quantity  of  high  reduced  frequency  data  ap¬ 
propriate  for  model  verification  and  direction. 

*Curf*nll)r  M  Ptm  a  Whirmy  Enfinccrina  Divttioa  South. 

Contributed  by  the  Inicrnttionil  Gat  Turbine  InttHute  1114  prcKnted  at  the 
]}rd  International  Gas  Turbine  and  Acroensinc  Confress  and  Eshibiiion, 
Amsterdam,  The  Netherlands.  June  S-9,  I9M.  Manuscript  received  at  ASMS 
Headquarters  February  II,  IMS.  Paper  No.  SI  GT  Sd. 


Carta  and  St.  Hilaire  (1979)  and  Carta  (1982)  measured  the 
surface  chordwise  unsteady  pressure  distribution  on  an  har¬ 
monically  oscillating  cascade  in  a  linear  wind  tunnel.  This 
work  was  extended  by  Hardin  et  al.  (1987)  to  an  isolated  roior 
with  oscillating  blades.  In  addition,  inlet  distortion  generated 
gust  response  unsteady  aerodynamics  were  also  studied. 
Although  the  interblade  phase  angles  in  these  experiments 
were  within  the  range  found  in  turbomachines,  the  reduced 
frequencies,  less  than  0.4,  were  low  for  forced  response 
unsteady  aerodyanmics  found  in  the  mid  and  aft  stages  of 
multistage  turbomachines  where  the  reduced  frequency  is 
typically  greater  than  2.0.  Fleeter  et  ai.  (1978,  1980,  1981)  in¬ 
vestigated  the  effects  of  airfoil  profile  and  rotor-stator  axial 
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spacing  on  the  transverse  gust  unsteady  aerodynamic  response 
in  a  single-stage,  low-speed  research  compressor  at  realistic 
values  of  the  reduced  frequency,  with  these  data  also  showing 
the  influence  of  the  forcing  function  waveform. 

These  previous  experimental  investigations  were  performed 
in  linear  cascades,  isolated  rotor  rows,  and  single-stage  com¬ 
pressors.  They  did  not  consider  the  multistage  and  potential 
interaction  effects  that  exist  in  the  mid  and  aft  stages  of  tur- 
bomachines.  For  multistage  compressors,  the  unsteady 
aerodynamics  on  the  first  two  vane  rows  of  a  three-stage  tow- 
speed  research  compressor  were  studied  for  the  first  time  by 
Capece  et  al.  (I98ti).  The  transverse  gust  forcing  function  and 
the  chordwise  distributions  of  the  harmonic  pressure  dif¬ 
ference  coefficients  on  the  first  two  vane  rows  were  deter¬ 
mined  for  a  variety  of  geometric  and  compressor  operating 
conditions.  These  results  Indicated  that  the  unsteady 
aerodynamic  loading  of  an  airfoil  row  was  related  to  the 
aerodynamic  forcing  function,  which  Itself  is  signincantly  in- 
fltienced  bv  the  multistage  blade  row  interactions.  This  work 
xs  ss  extended  bv  t.'arece  and  Tieetes  to  inchide  ali  three 


vane  rows,  with  the  effects  of  both  the  transverse  and  chord- 
wise  gust  components  quantified. 

In  this  paper,  the  fundamental  flow  physics  of  multistage 
blade  row  interactions  are  experimentally  investigated  at 
realistic  reduced  frequency  values,  with  unique  data  obtained 
to  describe  the  fundamental  unsteady  aerodynamic 
phenomena  on  the  stator  vanes  of  a  three-stage  research  com¬ 
pressor.  In  particular,  a  series  of  experiments  are  performed  to 
investigate  and  quantify  the  effect  of  the  following  on  vane 
row  unsteady  aerodynamics:  (I)  steady  loading;  (2)  forcing 
function  waveform,  including  both  the  chordwi.se  and 
transverse  gust  components:  (3)  solidity;  (4)  potential  interac¬ 
tions,  and  (5)  steady  flow  separation. 


Research  Compressor  and  Insfmmenlatlon 

The  Purdue  University  Three-Stage  Axial  Flow  Research 
Compressor  Is  driven  by  a  15  hp  d-c  electric  motor  over  a 
speed  range  of  300  to  3000  rpm.  The  three  identical  com¬ 
pressor  stages  consist  of  43  rotor  blades  and  41  stator  vanes, 
with  the  first -stage  rotor  inlet  flow  field  controlled  by  variable 
setting  angle  Inlet  guide  vanes.  The  free-vortex  design  airfoils 
have  a  British  C4  section  profile,  a  chord  of  30  mm,  an  aspect 
ratio  of  2,  and  a  maximum  thickness-to-chord  ratio  of  0.10. 
The  overall  airfoil  and  compressor  characteristics  are 
presented  in  Table  I. 

The  aerodynamic  forcing  functions  to  the  stator  rows  are 
the  upstream  airfoil  wakes.  The  first-stage  vane  row  forcing 
function  is  varied  by  changing  the  setting  angle  of  the  inlet 
guide  vanes,  thereby  altering  the  inlet  flow  to  the  first  stage 
rotor  (Fig.  2).  This  results  in  a  change  in  the  rotor  blade  exit 
flow  Held,  in  particular,  the  chordwise  and  transverse  gust 
components.  The  second  and  third-stage  vane  row  forcing 
function  variations  are  accomplished  by  independently  cir¬ 
cumferentially  indexing  the  upstream  vane  rows  relative  to  one 
another,  as  also  depicted. 

The  stator  vane  forcing  function  is  quantified  by  measuring 
the  stator  inlet  time-variant  velocity  and  flow  angle  with  a 
cross-wire  probe  located  midway  between  rotor  and  stator  at 
midstator  circumferential  spacing  (Fig.  I).  The  rotor  mean  ab¬ 
solute  exit  flow  angle  is  determined  by  rotating  the  probe  until 
a  zero  voltage  difference  Is  obtained  between  tbe  two  hot-wire 
channels.  This  mean  angle  is  then  used  as  a  reference  for 
calculating  the  instantaneous  absolute  and  relative  flow  angles 
and  deFines  the  vane  steady  incidence  angle.  From  the  instan¬ 
taneous  velocity  triangles,  the  individual  fluctuating  velocity 
components  parallel  and  normal  to  the  mean  flow,  the 
aerodynamic  gust  components,  are  calculated.  The  accuracy 
of  the  velocity  magnitude  and  angle  are  ±4  percent  and  ±2 
deg,  respectively. 

llie  steady  and  unsteady  aerodynamic  loading  on  the  vane 
surfaces  are  measured  with  chordwise  distributions  of 
midspan  surface  pressure  taps  and  tranducers.  Flow  visualiza¬ 
tion  atong  this  streamline  shows  the  flow  to  be  two  dimen¬ 
sional  for  the  orerating  comfittons  of  this  invesi«ti*.ion.  .A 


_____  Nomenclalnrc  _ 

C  =  vane  chord 

C,  w  steady  lift  coefficient 

”L 

\pV\c 

Cf  =  first  harmonic  dynamic 
pressure  coefficient 
V,  »* 


»  sialic  pressure 

coefficient » (p  -  )i 


/  w  incidence  angle 
k  *  reduced  frequency  wwC/2F, 
p  •  stator  surface  static  pressure 
«  stator  exit  sialic  pressure 
Ap  *  first  harmonic  dynamic 
pressure  difference 


u  *  *  instantaneous  chordwise  gust 
component 

u*  *  first  harmonic  chordwise  gust 
(/,  s  blade  tip  speed 

V  *  =  instantaneous  transverse  gust 

component 

V  *  ••  first  harmonic  transverse  gust 
F,  *  absolute  axial  velocity 

a  «  solidity 

w  «  blade  passing  frequency 
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reverse  trundiicer  nouMint  tcduriqiie  is  iniHsed  to  minimize 
rfiiinrbuees.  with  the  imnsducer  coanecled  to  the  measure- 
mcM  surface  by  a  pressure  tap.  Static  and  dynamic  calibra¬ 
tions  of  the  embedded  transducers  demonstrate  no  hysteresis, 
with  the  mounting  method  not  affecting  the  frequency 
response.  The  accuracy  of  the  unsteady  pressure 
measurements  is  db  J.5  percent. 


n  uw 

V 


Data  Acqabilion  and  Analysis 

The  steady-state  data  define  the  steady  aerodynamic  loading 
on  the  vane  surfaces  and  the  compressor  operating  point.  A 
rooi-mean-square  error  analysis  is  performed,  with  the  steady 
data  defined  as  the  mean  of  30  samples  and  their  93  percent 
confidence  intervals  determined.  The  detailed  steady  loading 
on  the  vanes  is  defined  by  the  chordwise  distribution  of  the 
vane  surface  steady  static  pressure  coefficient  with  the 
overall  loading  level  specify  by  the  incidence  angle  i  and  the 
steady  lift  coefficient  C,. 

The  lime-variant  data  quantify  the  aerodynamic  forcing 
function  and  the  resulting  unsteady  pressure  difference  on  the 
stator  vanes,  and  are  analyzed  by  means  of  a  data-averaging 
or  signal  enhancement  concept,  as  proposed  by  Gostelow 
(1977).  The  key  to  this  technique  is  the  sampling  of  data  at  a 
preset  lime,  which  is  accomplished  with  a  shaft-mounted  op- 
tical  encoder.  At  a  steady-state  operating  point,  an  averaged 
time-variant  data  set  consisting  of  the  two  hot-wire  and  the 
vane-mounted  transducer  signals,  digitized  at  a  rale  of  TOQ 
kHz  and  averaged  over  200  rotor  revolutions,  is  obtained. 
Each  is  Fourier  decomposed  into  harmonics  by  means  of  a 
Fast  Fourier  Transform  algorithm,  with  the  magnitude  and 
phase  angle  of  the  first  harmonic  referenced  to  the  data  initia¬ 
tion  pulse  determined.  Analyzing  the  data  in  this  form  was 
found  to  be  equivalent  to  averaging  the  Fourier  transforms  for 
each  rotor  revolution.  Also,  ensemble  averaging  and  then 
Fourier  decomposing  of  the  signal  is  used  because  it 
significantly  reduces  the  data  storage  requirements. 

The  rotor  and  stator  spacing,  the  axial  spacing  between  the 
vane  leading  edge  plane  and  the  probe',  and  the  absolute  and 
relative  flow  angles  are  known.  To  time  relate  the  hot  wire  and 
vane  surface  unsteady  pressure  signals,  the  rotor  exit  velocity 
triangles  are  examined  and  the  following  asumplions  made: 
(I)  The  wakes  are  identical  at  the  hot  wire  and  stator  leading 
edge  planes,  and  (2)  the  wakes  are  fixed  in  the  relative  frame. 
The  wakes  are  located  relative  to  the  hot  wires  and  the  leading 
edges  of  the  instrumented  vanes  and  the  limes  at  which  the 
wakes  are  present  at  various  locations  determined.  The  in¬ 
cremented  limes  between  occurrences  at  the  hot  wire  and  the 
vane  leading  edge  planes  are  then  related  to  phase  differences 
between  unsteady  velocities  and  the  vane  surfaces.  These 
usumpiions  are  necessary  in  order  to  correlate  the  data  with  a 
gust  analysis,  which  fixes  the  gust  at  the  airfoil  leading  edge. 
The  hot  wire  was  located  approximately  midway  between  the 
rotor  and  stator  and  was  lest  than  23  percent  of  the  uator 
chord  upstream  of  its  leading  edge. 

In  final  form,  the  detailed  waveform  of  the  aerodynamic 
forcing  function  is  specified  by  the  first  harmonics  of  the 
chordwise  and  transverse  gust  components,  li*  and  v* , 
respectively.  The  unsteady  pressure  dau  describe  the  chord- 
wise  variation  of  the  first  harmonic  pressure  difference  across 
a  stator  vane,  presented  as  a  dynamic  preuure  difference  coef¬ 
ficient  magnitude  and  phase.  As  a  reference,  these  data  are 
correlaied  with  predictions  from  Fleeter  (1973).  This  gust 
analysis  assumes  the  flow  to  be  invisekt,  irrotational,  two 
dimenrional,  and  comprentMe.  Small  unsteady  transverse 
velodiy  perturbations,  .  are  assumed  to  be  convected  with 
the  uniform  flow  past  a  cascade  of  flat  plate  airfoib.  The 
parameters  modeled  include  the  cascade  solidity,  stagger 
angle,  inlet  Mach  number,  reduced  frequency,  and  the  in¬ 
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terblade  phase  angle.  The  analysis  does  not  consider  flow 
separation  or  chordwise  gust  perturbations  u  * . 

Results 

Three  stator  vane  solidities  are  investigated:  the  design  value 
of  1.09;  a  reduced  value  of  0.343;  and  0.10,  which  results  in  a 
spacing  between  vanes  large  enough  so  that  the  influence  of 
neighboring  vanes  is  negligible;  i.e.,  each  vane  is  an  isolated 
airfoil.  The  results  are  presented  for  each  solidity  for  varia¬ 
tions  in  one  of  the  key  parameters.  All  design  solidity  data,  ex¬ 
cept  for  the  potential  interaction  effecu,  are  presented  for  the 
Ftrsi  stator  vane  row.  The  data  sets  for  the  other  solidities  are 
presented  for  the  third  slator  vane  row.  Since  there  are  no  air¬ 
foil  rows  downstream  of  the  third  stage  vane  row,  there  are  no 
potential  interaction  effects  on  the  trailing  edge  region  of  these 
vanes.  Data  from  Capece  and  Fleeter  (1987)  have  been  added 
for  the  design  solidity  in  order  to  have  a  complete  presentation 
of  the  results  and  to  indicate  the  significant  effects  that  solidi¬ 
ty  has  on  the  unsteady  aerodynamic  response  of  the  stator 
vanes.  Also,  the  error  in  the  static  pressure  coefricieiit  data  is 
represented  by  the  symbol  size. 

Vane  Sicady  I.4Mdiag 

Steady  aerodynamic  loading  effects  are  considered  for  the 
design  and  reduced  solidities  of  1.09  and  0.343.  The  first  har¬ 
monics  of  the  forcing  function  are  maintained  nearly  constant 
(Fig.  3).  Note  that  relative  to  the  absolute  velocity,  the  instan¬ 
taneous  lust  componenii  are  not  small.  For  example,  (itc  in- 
sianianeous  transverse  and  chordwise  gust  components  are  ap¬ 
proximately  40  and  23  percent  of  the  absolute  velocity  at  -  3.9 
deg  of  incidence.  However,  in  terms  of  the  first  harmonics 
these  gust  components  are  approximately  1 1  and  6  percent  of 
the  absolute  velocity. 
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For  each  solidity,  the  vane  surface  steady  pressure  distribu¬ 
tions  are  smooth  and  show  no  Indication  of  flow  separation 
(Fig.  4).  At  the  design  solidity,  the  surface  static  pressures  for 
the  lift  coefFicient  of  0.298  are  greater  than  those  for  (he  lift 
coefficient  of  0.179,  a  result  of  the  inlet  guide  vane  indexing 
altering  the  compressor  operating  point.  Also,  the  reduced 
solidity  has  much  higher  pressure  differences  and  steady  lift 
coefFicients  due  to  the  decreased  number  of  vanes. 

The  resulting  chordwise  distributions  of  the  dynamic 
pressure  difference  coefficient  and  the  predictions  are  shown 
in  Fig.  S.  At  the  design  solidity,  good  correlation  exists  be¬ 
tween  the  magnitude  data  and  tlw  prediction  for  the  lift  coeffi¬ 
cient  of  0.179,  with  an  inaease  in  lift  to  0.2M  resulting  in 
poorer  correiaiion.  The  higher  loading  data  are  deaeased  in 
amplitude  relative  to  both  the  prediction  and  (he  lower  loading 
data  over  the  front  25  percent  of  the  vane.  Aft  of  25  percent 
chord,  the  data  correlate  well  with  each  other  and  the  predic¬ 
tion  until  93  percent  chord,  with  both  data  sets  then  increasing 
to  a  larger  value  than  the  prediction. 

The  phase  data  exhibit  a  somewhat  different  chordwise 


distribution  than  the  prediction.  In  particular,  the  phase  data 
are  increased  relative  to  the  prediction  over  (he  first  14  percent 
of  vane  chord.  The  data  then  decrease  to  the  levei  of  the 
prediction  and  then  increase  to  values  greater  than  the  predic¬ 
tion  with  increasing  chordwise  position.  The  pha.se  data  for 
both  loading  levels  exhibit  the  same  trends,  with  the  higher 
loading  data  increased  relative  to  both  the  prediction  and  the 
lower  loading  data  over  most  of  the  chord.  The  differences 
between  (he  phase  data  and  the  prediction  are  attributed  to  the 
vane  camber  and  the  detailed  steady  loading  distributions  on 
(he  vane  surfaces. 

The  magnitude  data  for  the  reduced  solidity  are  also 
decreased  relative  to  (he  prediction  over  (he  front  50  percent 
of  the  vane,  with  the  higher  loading  data  having,  in  general,  a 
decreased  amplitude  relative  to  the  lower  loading  data.  The 
deaease  in  amplitude  relative  to  the  prediction  is  due  to  (he 
high  levels  of  steady  aerodynamic  loading.  Aft  of  50  percent 
chord,  the  magnitude  data  increase  to  the  level  of  the  predic¬ 
tion  and  show  better  correlation.  The  phase  data  increase  to  a 
level  larger  than  the  prediction  over  the  front  14  percent  of  the 
vane,  then  decrease  toward  the  prediction,  and  from  approx¬ 
imately  25  to  50  percent  chord,  the  phase  data  are  almost  con¬ 
stant.  Aft  of  50  percent  chord  this  trend  changes,  with  the 
higher  loading  data  decreased  relative  to  both  the  lower 
loading  data  and  the  prediction,  and  (hen  increasing  as  (he 
chordwise  position  increases.  Thus,  from  these  results  it  is  evi¬ 
dent  that  steady  loading  primarily  affects  the  magnitude  of  the 
dynamic  pressure  difference  coefficient. 

The  b«t  correlation  of  the  dynamic  pressure  difference 
coefficient  data  and  the  prediction  is  obtained  at  the  low  level 
of  steady  loading  at  the  design  solidity,  as  expected,  ince  this 
most  closely  approximates  the  unloaded  fiat  plate  cascade 
model.  Also,  the  steady  loading  level  and  distribution  have  a 
significant  effect  on  the  unsteady  aerodynamics  of  the  vane 
row.  In  general,  different  airfoil  designs  will  produce  different 
steady  surface  pressure  distributions  and  steady  lift  for  the 
same  incidence  angle.  Therefore,  the  level  of  steady 
aerodynamic  loading,  not  (he  incidence  angle,  is  the  key 
parameter  in  obtaining  good  correlation  with  mathematical 
models. 

Aerodymmlc  Forcing  Function 

The  innuence  of  each  gust  component  on  Ihe  complex 
dynamic  pressure  coefficient,  with  the  steady  aerodynamic 
loading  hdd  constant,  is  considered. 

Transverse  Gust.  The  surface  static  pressure  distributions 
for  each  solidity  are  smooth,  with  no  evidence  of  separation 
and  only  small  variations  apparent  near  the  leading  edge, 
which  result  In  the  slight  variations  In  the  steady  lift  coeffi- 
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dents  (Fig.  6).  As  the  solidity  is  decreued,  there  U  an  inaease 
in  the  level  of  steady  surface  pressures  and  a  corresponding  in¬ 
crease  in  the  steady  lift  coefficient.  The  chordwise  gust  li*  is 
held  approximately  constant  while  the  transverse  gust  v'  is 
varied  (Hg.  7).  with  the  difference  between  the  configurations 
spedfied  by  the  first  harmonic  gust  ratio  i*  /d* . 
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The  effect  of  the  transverse  gust  on  the  chordwise  distribu¬ 
tions  of  the  dynamic  pressure  difference  coefficient  data  is 
presented  in  Fig.  8.  At  the  design  solidity,  both  conOgurations 
show  the  magnitude  data  to  be  decreased  rdalive  to  the  predic¬ 
tion  over  the  leading  30  percent  of  the  vane,  with  the  iu*  /v^ ) 
data  of  0.630  having  a  decreased  amplitude  relative  to  the 
0.447  data.  However,  in  the  midchord  region,  the  data  for 
these  two  configurations  correlate  well  with  each  other  and 
with  the  prediction.  As  in  the  previous  cases,  aft  of  70  percent 
chord  the  data  increase  relative  to  the  prediction.  This  is  a 
result  of  both  the  potential  interaction  from  the  downstream 
second-stage  rotor  row  and  the  parallel  gust  component  u ' , 
u  the  design  solidity  dau  are  acquired  on  the  first  stage.  This 
phenomenon  will  be  discussed  in  greater  detail  in  ihe  section 
on  Potential  Flow  Interactions. 

Ute  reduced  solidity  and  the  isolated  airfoil  data  show  a  dif¬ 
ferent  trend  with  Ihe  ratio  of  {u*  /v*)  than  that  of  the  design 
solidity,  with  the  data  for  the  larger  values  of  {u*  /v* )  in¬ 
creased  in  value  relative  to  the  lower  values.  This  is  opposite  to 
the  trend  noted  at  the  design  solidity.  However,  examination 
of  the  magnitudes  of  the  first  harmonics  of  the  chordwise  gust 
component  6 '  indicates  that  the  magnitudes  of  the  chordwise 
gust  are  lower  in  value  than  the  design  case.  This  indicates  that 
Ihe  chordwise  pressure  distributions  are  not  governed  simply 
by  the  ratio  of  the  two  gust  components  but  also  by  their 
magnitudes. 

For  each  of  the  reduced  solidity  values,  0.54S  and  O.iO,  the 
magnitude  data  are  generally  decreased  relative  to  the  predic¬ 
tion  over  Ihe  leading  50  percent  of  Ihe  vane,  with  the  lower 
{u*  /v* )  data  having  a  decreased  amplitude  relative  to  the 
higher  fu*  /v*)  data.  In  Ihe  trailing  edge  portion  of  the  vane, 
the  magnitude  data  correlate  well  with  each  other  but  are  in- 
aeased  in  level  relative  to  the  prediction.  This  is  a  result  of  the 
chordwise  gust,  which  is  not  considered  by  the  model. 

The  design  solidity  phase  data  are  increased  relative  to  the 
prediction  over  the  front  14  percent  of  the  vane,  deaease  to 
the  level  of  (he  prediction  at  22  percent  chord,  and  then  in¬ 
aease  to  values  greata  than  the  predteiion  with  increasing 
chordwise  position,  becoming  nearly  constant  aft  of  40  pa- 
cent  chord.  At  the  reduced  solidiiy,  the  phase  data  are  in- 
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creawd  relative  to  the  prediction  over  the  entire  vane  chord, 
being  nearly  constant  in  the  22  to  311  percent  chord  region.  For 
the  isolated  airfoil,  the  phase  data  show  good  trendwise  cor¬ 
relation  with  the  prediction  over  the  leading  29  percent  of  the 
vane,  with  the  (d*/ti* )  data  of  0.243  deaeasing  relative  to 
both  (he  prediction  and  the  )  0.2III  data.  Aft  of  29 

percent  chord,  where  the  vane  does  most  of  its  turning,  the 
phase  data  decrease  until  34  percent  chord  and  then  Increase 
with  increasing  chordwise  position. 

These  results  show  that  the  transverse  gust  primarily  in¬ 
fluences  the  magnitude  of  the  dynamic  pressure  difference 
coefficient.  Also,  the  unsteady  data  variations  with  forcing 
function  waveform  cannot  be  predicted  by  harmonic  gust 
models.  This  is  because  the  forcing  function  waveforms  and 
the  resuhing  unsteady  pressure  distributions  have  been  Fourier 
decomposed,  with  the  first  harmonic  of  the  unsteady  data 
presented.  Thus,  all  of  these  first  harmonic  data  are  correlated 
with  the  same  prediction  curve;  I.e.,  the  predictions  from  these 
harmonic  gust  models  are  Identical  for  ail  of  the  forcing  func¬ 
tion  waveforms. 


Chordwise  Cast,  The  effect  of  the  forcing  function  chord- 
wise  gust  component  fi*  on  the  vane  row  unsteady 
aerodynamics  for  each  solidity  Is  considered.  This  is  ac¬ 
complished  by  establishing  compressor  configurations  such 
that  the  transverse  gust  and  the  steady  aerodynamic  loading 
are  nearly  identical;  see  Figs.  9  and  10,  respectively. 

The  resulting  chordwise  distributions  of  the  dynamic 
pressure  coefficient  data  and  tfie  predictions  are  presented  in 
Fig.  II.  In  general,  the  magnitude  data  exhibit  analogous 
trends  for  each  solidity,  decreasing  over  the  front  of  the  vane 
and  increasing  over  the  aft  part.  The  magnitude  data  increase 
over  the  prediction  at  the  design  solidity,  whereas  they  in- 
aease  up  to  the  prediction  for  the  other  two  solidity  values. 
This  is  again  the  result  of  the  design  solidity  data  being  ac¬ 
quired  on  the  first  stage,  with  the  data  for  the  other  solidities 
being  acqtiired  on  the  third  stage.  Also,  the  higher  (u*  /v* ) 
data  are  deaeased  relative  to  both  the  prediction  and  the 
lower  lu  *  /6)  data  for  each  solidity.  This  is  particularly  ap¬ 
parent  at  the  design  and  reduced  solidity. 

The  design  solidity  phase  data  at  a  {S'  /v*)  of  0.61 1  show 
good  trendwise  correlation  svith  the  p^ictlon  over  the  aft  SO 
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percent  of  the  vane  while  the  lower  (m’/v*  )  data  are  in¬ 
creased  relative  to  the  prediction,  as  seen  in  previous  cases. 
Over  the  front  SO  percent  of  the  vane,  the  data  correlate  trend- 
wise  with  each  other  but  are  increased  compared  to  the  predic- 
lion.  The  reduced  solidity  phase  data  are  increased  relative  to 
the  prediction  and  remain  relatively  constant  over  the  entire 


vane  chord,  with  the  (li '  /v '  )  phase  data  of  0.634  consistent¬ 
ly  increased  over  the  (li '  /n ' )  0.436  data. 

A  somewhat  different  trend  is  evident  in  the  phase  data  for 
the  isolated  aiifoil  than  previous  isolated  airfoil  cases  and  ihe 
other  solidity  values.  In  this  case,  the  data  are  seen  to  correlate 
trendwise  with  the  prediction  over  the  front  of  the  vane,  then 
decrease  slightly  lower  than  the  prediction  and  remain  almost 
constant  for  the  remainder  of  Ihe  vane.  In  addition,  the  phase 
data  for  these  two  configurations  correlate  quite  well  with  one 
another  over  almost  the  entire  vane.  Comparing  these  results 
to  the  phase  data  of  Fig.  8  for  a  (u*  /v' )  of  0.218  indicates 
that  loading  has  a  dramatic  effect  on  the  phase  as  well  as  the 
magnitude  data:  Both  Ihe  phase  and  the  magnitude  data  show 
the  maximum  deviations  from  the  analysis  in  the  25  to  SO  per¬ 
cent  chord  locations.  Aft  of  this  point  the  magnitude  and 
phase  increase  to  the  prediction. 

The  differences  apparent  in  Ihe  dynamic  pressure  difference 
coefficient  phase  data  for  the  three  different  solidity  values  are 
a  result  of  Ihe  details  of  the  steady  sialic  pressure  distributions 
and  the  spacing  between  the  airfoils.  As  the  airfoil  spacing  in¬ 
creases  for  low  levels  of  aerodynamic  loading,  the  correlation 
of  the  phase  data  with  Ihe  predictions  gets  increasingly  better. 
This  indicates  that  the  influence  of  adjacent  airfoils  is  much 
greater  than  predicted  by  the  zero  incidence  flat  plate  analysis. 

Thus,  both  the  transverse  and  chordwise  gust  components 
affect  Ihe  magnitude  data,  with  Ihe  chordwise  gust  having  a 
larger  influence  on  the  phase,  particularly  at  the  design  solidi¬ 
ty.  In  addition,  Ihe  magnitude  of  the  chordwise  gust  is  not 
small  as  compared  to  either  the  absolute  velocity  or  the 
transverse  gust. 


Potential  Flow  Interactions 

Data  in  the  vane  trailing  edge  region  are  consistently  in¬ 
creased  relative  to  the  prediction.  Part  of  this  increase  is  at¬ 
tributable  to  Ihe  chordwise  gust  that  is  not  modeled  by  the 
prediction.  However,  first-stage  magnitude  data  exhibit  larger 
deviations  in  the  trailing  edge  region  than  third-stage  data  with 
similar  steady  lift  coefficients.  To  investigate  this 
phenomenon,  unsteady  data  are  acquired  on  the  second  and 
third  stages  at  the  design  solidity  for  operating  conditions 
where  the  steady  loading  and  the  forcing  function  ate  nearly 
identical  (Fig.  12).  Thus  the  only  difference  between  these  two 
configurations  is  the  presence  of  the  third  stage  downstream 
of  the  second-stage  stator  row. 

The  resulting  dynamic  pressure  difference  coefficient  data 
and  corresponding  prediction  are  presented  in  Fig.  13.  The 
magnitude  data  are  decreased  relative  to  the  prediction  over 
Ihe  leading  30  percent  of  the  vane  due  to  the  steady  loading 
level,  with  the  deviations  in  the  amplitude  attributed  to  the  dif¬ 
ferences  in  Ihe  steady  surface  pressure  distributions  in  Ihe 
leading  edge  region.  Aft  of  30  percent  chord,  the  data  increase 
to  the  level  of  the  prediction,  with  the  second-stage  data  higher 
in  amplitude  than  the  third-stage  data,  particularly  in  the  trail¬ 
ing  edge  region.  Since  the  steady  pressure  distributions  and  the 
forcing  function  are  nearly  identical,  this  deviation  of  the 
second-stage  data  is  attributed  to  a  potential  interaction  effect 
caused  by  the  downstream  third  stage.  The  increase  of  the 
third-stage  data  above  the  prediction  in  this  region  is  a  result 
of  the  chordwise  gust  since  there  are  no  downstream  airfoil 
rows,  with  the  further  increase  in  the  second-stage  data  due  to 
the  potential  interaction. 

The  phase  data  also  show  different  trends  in  the  trailing 
edge  region  due  to  potential  interactions.  Over  the  front  part 
of  the  vane,  the  data  are  increased  with  respect  to  the  predic¬ 
tion.  but  then  decrease  in  relation  to  the  prediction  at  22  per¬ 
cent  chord.  The  data  then  increase  until  30  percent  chord,  witli 
the  data  up  to  this  point  exhibiting  good  trendwise  correlation. 
Aft  of  SO  percent  chord  the  second-stage  data  are  nearly  con¬ 
stant  with  increasing  chordwise  position,  whereas  the  ihird- 
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stage  data  show  another  decrease  in  phase  and  then  increase 
with  increasing  chordwhe  position. 

Thus,  potential  interaction  efrects  influence  both  the 
magnitude  and  phase,  with  the  larger  effect  being  upon  the 
magnitude  of  the  dynamic  pressure  difference  coefficienl. 
Hence,  the  downstream  airfoil  row  is  another  aerodynamic  ex¬ 
citation  source  to  the  upstream  blade  or  vane  row  and  would 
act  on  the  trailing  edge  region. 


Isolated  Airfoil  ScfraratloN 

The  effect  of  separated  flow  on  the  stator  vane  unsteady 
aerodynamics  for  a  solidity  of  0.10,  i.e.,  an  isolated  airfoil,  is 
now  investigated.  The  separated  flow  Is  generated  by  reslag- 
gering  the  stator  vanes  such  that  a  mean  flow  incidence  angle 
of  tl.2  deg  is  established.  At  this  incidence  angle,  the  flow 
separates  from  the  vane  suction  surface  as  indicated  by  the 
region  of  constant  static  pressure,  which  originates  at  38  per¬ 
cent  chord  (ng.  M).  Tfie  separated  flow  data  are  compared 
with  data  for  a  configuration  where  'he  steady  lift  coefficienl 
and  both  the  chordwise  and  transverse  gust  componets  are 
neatly  identical,  but  the  flow  is  not  separated. 

The  resulting  dynamic  pressure  difference  coefficient  data 
and  the  attached  flow  flat  plate  prediction  are  shown  in  Fig. 
IS.  The  attached  and  wparated  flow  data  show  somewhat  dif¬ 
ferent  trends  in  the  leading  and  trailing  edge  regions.  The 
separated  (low  magnitude  data  are  nearly  constant  over  the 
front  14  percent  of  the  vane,  whereas  the  attached  flow  data 
and  prediction  indicate  a  decrease  in  amplitude  with  increasing 
chordwise  position.  Aft  of  14  percent  chord  the  data  show 
analogous  trends,  with  both  separated  and  attached  flow  data 
deaeasing  with  inaeasing  chordwise  position  and  attaining  a 
minimum  amplitude  value  at  20  percent  chord,  similar  to 
previous  isolated  airfoil  results.  The  magnitude  data  for  both 


Ft0.  tS  SlMdy  tuetfon  Mrfac«  ttpuHon  •fftet  on  ttio  complox 
wiolootfy  pvoooufo  cooffldont 

cases  then  gradually  increase  to  values  that  are  greater  than  the 
prediction  at  34  percent  chord,  with  the  attached  flow  data  be¬ 
ing  lower  in  magnitude  up  to  this  point.  Both  data  sets  then 
decrease  with  further  chordwise  position,  with  the  separated 
data  deaeased  in  amplitude  relative  to  both  the  prediction  and 
the  attached  flow  data.  This  is  a  result  of  the  increased  steady 
loading  in  this  region  of  the  airfoil  due  to  the  separation  zone. 

The  attached  and  separated  flow  phase  data  have  different 
trends  near  the  separation  point  and  in  the  trailing  edge 
region.  Over  the  front  22  percent  of  the  vane,  the  data  and  the 
prediction  show  analogous  trends,  being  nearly  constant.  The 
separated  data  are  increased  relative  to  the  prediction,  with  the 
attached  (low  data  exhibiting  excellent  correlation  with  the 
prediction.  Aft  of  22  percent  chord  the  separated  data  in- 
aease,  whereas  the  attached  flow  data  decrease  relative  to  the 
prediction.  In  the  separated  flow  region,  both  the  separated 
and  attached  flow  data  exhibit  similar  trends.  However,  at  70 
percent  chord  the  separated  data  indicate  a  jump  to  values 
larger  than  the  prediction  and  increase  with  further  chordwise 
position.  On  the  other  hand,  the  attached  (low  phase  data 
show  a  gradual  increase.  Thus,  separation  affects  both  the 
magnitude  and  phase  of  the  dynamic  pressure  difference 
coefficient. 

Summary  and  Condusloiis 

A  series  of  experiments  were  performed  to  investigate  the 
wake-generated  gust  aerodynamics  on  each  vane  row  of  a 
three-stage  axial  flow  reseat^  compressor  at  high  reduced  fre¬ 
quency  values.  Including  multistage  interactions.  In  these  ex¬ 
periments,  the  effects,  on  vane  row  unsteady  aerodynamics  of 
(he  following  were  investigated  and  quantifi^:  (I)  steady  vane 
aerodynamic  loading:  (2)  aerodynamic  forcing  function 
waveform,  liKluding  both  the  chordwise  and  transverse  gust 
components;  (3)  solidity:  (4)  potential  interactions;  and  (S) 
isolated  airfoil  steady  (low  serration.  The  analysis  of  th^ 
unhpie  vane  row  unsteady  aerodynamic  data  determined  the 
following. 

•  The  steady  aerodynamic  loading  level,  not  the  incidence 
angle,  is  the  key  parameter  to  obtain  good  correlation  with  flat 
plate  cascade  gust  models. 

•  The  steady  loading  level  and  chordwise  loading  distribu¬ 
tion  have  a  significant  effect  on  vane  row  unsteady 
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aciotlynaniics,  having  a  larger  innuence  on  the  magnitude 
than  on  the  phase. 

•  The  aer^ynamic  forcing  function  chordwise  gust  affects 
both  the  dynamic  pressure  coefficient  magnitude  and  phase, 
whereas  the  transverse  gust  primarily  affects  the  magnitude. 
These  effects  cannot  be  predicted  with  harmonic  gust  models 
because  these  data  have  been  Fourier  decomposed,  with  the 
predictions  thus  identical  for  all  forcing  function  waveforms. 

•  The  chordwise  gust  it  not  small  compared  lo  either  the 
absolute  velocity  or  the  transverse  gust.  Thus,  to  provide  ac- 
curate  predictions,  unsteady  aerodynamic  models  must  con¬ 
sider  this  gust  component. 

•  For  closely  spaced  stages  (the  compressor  rotor-stator  ax¬ 
ial  spacing  herein  is  0.432  chord),  downstream  airfoil  rows  are 
potential  aerodynamic  excitation  sources,  which  affect  the 
unsteady  loading  in  the  trailing  edge  region  of  the  upstream 
airfoils.  Since  the  trailing  edge  is  thin,  it  would  be  highly 
susceptible  to  fatigue  failure. 

•  Flow  separation  of  the  low  solidity  vane  row  affects  the 
unsteady  surface  pressures  upstream  of  the  separation  point, 
with  the  phase  affected  in  the  trailing  edge  region. 
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ABSTRACT 

FundAmentnl  inlet  distortion  generated  rotor  blade  row 
unsteady  aerodynamics,  including  the  effects  of  both  the 
detailed  aerodynamic  forcing  function  for  the  first  time  and 
steady  loading  are  experimentally  investigated  in  an 
extensively  instrumented  axial  flow  research  compressor.  A 
two-per-rev  forcing  function  with  three  gust  amplitude  ratios 
is  generated.  On  the  rotor  blade  pressure  surface,  the 
unsteady  pressure  nondimensionaliiation  compresses  the 
magnitude  data  with  mean  flow  incidence  angle.  This  is  not 
the  case  on  the  higher  camber  suction  surface.  Also,  these 
pressure  surface  unsteady  data  are  primarily  affected  by  the 
steady  loading  level  whereas  the  suction  surface  unsteady 
data  are  a  function  of  the  steady  loading  level  and 
distribution  as  well  as  the  gust  amplitude  ratio.  In  addition, 
a  design  inlet  distortion  blade  surface  unsteady  pressure 
correlation  is  considered. 

NOMENCLATURE 

b  Rotor  blade  semichord 

C|  Rotor  blade  steady  loading  = 

_  jr  (Cp.prtwurs  *  ^p.tuctioa)  dx 

Cp  Kotor  blade  steady  pressure  coefficient 
Cp  Rotor  blade  unsteady  pressure  coefficient 
Cnp  Rotor  blade  unsteady  pressure  difference  coefficient 
1  Rotor  blade  mean  incidence  angle 
k  Reduced  frequency  =  wb/V, 

g.  Digitised  ensembled  averaged  unsteady  pressure 

P,  Rotor  blade  surface  steady  pressure 
p^  First  harmonic  complex  unsteady  pressure 
u^  Streamwise  gust  first  harmonic  component 
Transverse  gust  first  harmonic  component 
V,  Mean  axial  velocity 

AW  Total  unsteady  velocity 

AW  Total  first  harmonic  gust  vector 
3  Relative  mean  fiow  angle 

w  Two-per-rev  forcing  function  frequency,  radians 
INTRODUCTION 

Inlet  flow  distortloiM  are  generated  by  a  variety  of 
sources,  including  ragine  Inlet  designs  and  aircraft 
maneuvers.  In  addition  to  the  performance  degradation 
associated  with  inlet  flow  distortions,  they  can  also  result  in 
detrimental  aeromechanieal  effects.  Namely,  ss  schematically 
depicted  in  Figures  1  and  3,  inlet  flow  distortions  represent 
unsteady  aerodynamic  forcing  functions  to  downstream  rotor 
blade  rows  due  to  rotor  blade  relative  velocity  and  incidence 
angle  fluctuations,  thereby  resulting  in  the  possibility  of 
significant  aerodynamically  induced  blade  vibrations.  In 


fact,  distortions  are  one  of  the  most  common  excitation 
sources  for  aerodynamically  forced  response  of  blade  rows. 
Distortions  also  affect  the  stability  margin  of  rotor  blade  rows 
as  the  resulting  flow  degradation  from  distortion  can  cause 
incidence  angle  migration  that  experience  has  shown  to 
generally  be  destabilising  (Cardinale,  Bankhead  and  McKay, 
IfiSO). 

Of  particular  interest  in  this  paper  are  distortion 
generated  unsteady  aerodynamic  blade  response  phenomena. 
In  the  high  sp^  regime,  Datko  and  O’Hara  (1087)  measured 
the  forced  vibratory  response  of  an  advanced  transonic 
compressor  first  stage  integrally  bladed  disk  (a  blisk) 
generated  by  seven  different  inlet  total  pressure  distortion 
screens.  The  blisk  was  found  to  be  susceptible  to  excessive 
resonant  stresses  generated  by  the  inlet  distortions,  with 
complex  inlet  distortions  exciting  the  lower  natural 
frequencies  at  a  number  of  engine  orders.  Also,  the  harmonic 
content  of  the  distortion  was  not  always  discernible  from  the 
inlet  total  pressure  profiles.  In  addition,  these  results 
demonstrated  that  the  uniform  inlet  flow  rotor  forced 
response  characteristics  may  not  be  representative  of  the 
response  when  a  distortion  is  present.  They  concluded  that 
unless  vibratory  responses  to  inlet  distortion  can  be 
accurately  predicted,  rotors,  particularly  blisks,  should  be 
tested  to  assess  the  resonant  stresses  in  the  presence  of  inlet 
distortions. 

The  accurate  prediction  of  distortion  generated  blade 
response  requires  the  development  of  a  first  principles  based 
design  system.  On  a  first  principles  basis,  inlet  flow 
distortions  represent  high  energy  aerodynamic  excitations 
characterised  by  low  to  moderate  values  of  the  reduced 
frequency,  with  the  distortion  generated  blade  row  response 
analysed  by  first  defining  the  unsteady  aerodynamic  forcing 
function  in  ternu  of  harmonics.  The  periodic  vibratory 
response  of  the  airfoil  row  to  each  harmonic  of  the  forcing 
function  is  then  assumed  to  be  comprised  of  two  components. 
One  is  due  to  the  streamwise  and  transverse  components  of 
the  harmonic  forcing  function,  u  and  v  respectively,  being 
swept  past  the  nonresponding  airfoil  row,  termed  the 
streamwise  and  transverse  gust  responses.  The  second,  the 
self-induced  unsteady  aerodynamics,  arises  when  the 
aerodvnamic  forcing  function  generates  a  vibrational 
response  of  the  airfoil  row. 

Unfortunately,  current  sUte-of-the-art  analyses  do  not 
model  the  unsteady  aerodynamic  forcing  function.  Also,  the 
gust  and  motion-induced  unsteady  aerodynamic  models 
involve  many  physical  and  numerical  assumptions,  (AGARO 
Manual,  1087).  Therefore  experimental  modeling  of  the 
fundamental  inlet  distortion  generated  blade  row  periodic 
unsteady  aerodynamic  response,  including  both  the  forcing 
function  and  the  blade  row  unsteady  aerodynamics,  is  needed 
for  the  development,  validation  and  enhancement  of 
theoretical  and  numerical  models. 
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Uiut«*dy  aerodynMnic  guat  experiments  of  direct  interest 
to  turbomachines  have  been  performed  in  low  speed  research 
compressors.  With  regard  to  iniet  flow  distortions,  O'Brien, 
Cousins  and  Sexton  (1880)  used  six  dynamic  pressure 
transducers  embedded  on  eacn  rotor  biade  surface  to  measure 
unsteady  aerodynamic  response.  However,  the  periodic  rotor 
blade  row  inlet  flow  fleld  was  not  measured  and,  thus,  the 
unsteady  aerodynamic  gust  forcing  function  was  not 
quantified.  Also,  Hardin,  Carta  and  Verdon  |1887|  measured 
low  reduced  frequency  osciilating  airfoii  aerodynamics  on  a 
rotor  of  a  single  stage  compressor  and  also  stated  that  they 
had  performed  similar  distortion  experiments  although  they 
did  not  present  these  results. 

In  this  paper,  the  fundamental  flow  physics  of  distortion 
generated  periodic  rotor  blade  row  unsteady  aerodynamics, 
including  the  effects  of  both  the  detailed  unsteady 
aerodynamic  forcing  function  for  the  first  time  and  steady 
loading,  are  experimentally  investigated.  This  is 
accomplished  by  performing  a  series  of  experiments  in  an 
extensively  instrumented  axial  flow  research  compressor.  In 
particular,  the  effects  of  the  detailed  forcing  function,  defined 
in  terms  of  the  ratio  of  the  forcing  function  ^strea^nwise-to- 
transverse  first  harmonic  gust  components,  u  /  v  ,  as  well 
as  the  steady  aerodynamic  loading  level,  characterised  by  the 
mean  incidence  angle,  on  the  gust  generated  unsteady 
aerodynamic  response  of  a  first  stage  rotor  blade  are 
quantified. 

In  these  experiments,  the  two-per-rev  unsteady 
aerodynamic  forcing  function  is  generated  by  two  90  degree 
circumferential  inlet  flow  distortions.  Figure  1.  This 
distortion,  measured  with  a  rotating  cross  hot  wire  probe,  is 
then  analysed  and  decomposed  into  streamwise  and 
transverse  components.  Figure  2.  The  resulting  unsteady 
aerodynamic  gust  generated  rotor  blade  surface  unsteady 
pressure  chordwiae  distributions  are  measured  with 
embedded  ultra-miniature  high  response  dynamic  pressure 
transducers. 

RESEAilCH  COMPRESSOR 

The  Purdue  Axial  Flow  Research  Compressor 
exoerimeotally  models  the  fundamental  turbomachiuery 
unsteady  aerodynamic  multistage  interaction  phenomena 
including  the  incidence  angle,  the  velocity,  and  pressure 
variations,  the  aerodynamic  forcing  function,  the  reduced 
frequency,  and  the  unsteady  blade  row  interactions.  The 
compressor  is  driven  by  a  IS  HP  DC  electric  motor  and  is 
operated  at  a  speed  of  2,250  RPM.  Bach  identical  stage  of 
the  baseline  compressor  contains  43  rotor  blades  and  31 
stator  vanes  having  a  British  C4  profile,  with  the  first  stage 
rotor  inlet  flow  fleld  established  by  a  row  of  36  variable 
setting  inlet  guide  vanes.  The  overall  airfoil  and  compressor 
characteristics  are  presented  in  Table  1.  For  these 
experiments,  the  first  stage  rotor  blade  row  was  extensively 
instrumented.  To  eliminate  any  potential  flow  effects  on  the 
instrumented  first  stage  rotor  blades,  the  first  stage  stators 
and  second  stage  rotors  were  removed,  as  schematically 
depicted  in  Figure  3. 

INSTRUMENTATION 

Both  steady  and  unsteady  first  stage  rotor  blade  row  data 
are  required.  The  steady  data  quantify  the  rotor  mean  inlet 
flow  field  and  midspan  steady  loading  distribution.  The 
unsteady  data  define  the  periodic  aerodynamic  forcing 
function  and  the  resulting  midspan  blade  surface  periodic 
pressure  distributions. 

The  inlet  flow  field,  both  steady  and  unsteady,  is 
measured  with  a  rotating  cross  hot-wire  probe  mounted  30% 
of  blade  chord  upstream  of  the  rotor  row.  The  cross  hot-wire 
probe  was  calibrated  and  linearized  for  velocities  from  18.3 
m/sec  to  53.4  m/sec  and  +/-  35  degrees  angular  variation, 
with  the  accuracy  of  the  velocity  magnitude  and  flow  angle 


determined  to  be  4%  and  +/-  1.0  degree,  respectively. 
Centrifugal  loading  effects  on  the  rotating  hot-wire  sensor 
resistances  and,  thus,  the  responses,  were  found  to  be 
negligible. 

The  detailed  steady  aerodynamic  loading  on  the  rotor 
blade  surfaces  is  measured  with  a  chordwise  distribution  of 
20  midspan  static  pressure  taps,  10  on  each  surface.  The 
static  pressure  at  the  rotor  exit  plane,  measured  with  a  rotor 
drum  static  tap,  is  used  as  the  blade  surface  static  pressure 
reference.  These  static  pressure  measurements  are  made 
using  a  rotor  baaed  48  port  constant  speed  drive  Scanivalve 
system  located  in  the  rotor  drum. 

The  measurement  of  the  midspan  rotor  blade  surface 
unsteady  pressures  is  accomplished  with  20  ultra-miniature, 
high  response  transducers  embedded  in  the  rotor  blades  at 
the  same  chordwise  locations  as  the  static  pressure  taps.  To 
minimize  the  possibility  of  flow  disturbances  associated  with 
the  inability  of  the  transducer  diaphragm  to  exactly  maintain 
the  surface  curvature  of  the  blade,  a  reverse  mounting 
technique  is  utilized.  The  pressure  surface  of  one  blade  and 
the  suction  surface  of  the  adjacent  blade  are  instrumented, 
with  transducers  embedded  in  the  nonmeasurement  surface 
and  connected  to  the  measurement  surface  by  a  static  tap. 
The  embedded  dynamic  transducers  were  both  statically  and 
dynamically  calibrated.  The  static  calibrations  showed  good 
linearity  and  no  discernible  hysteresis.  The  dynamic 
calibrations  demonstrated  that  the  frequency  response,  in 
terms  of  gain  attenuation  and  phase  shift,  were  not  affected 
by  the  reverse  mounting  technique.  The  accuracy  of  the 
unsteady  pressure  measurements,  determined  from  the 
calibrations,  is  +/-  4%. 

The  rotor-based  static  pressure  Scanivalve  transducer, 
rotating  cross  hot-wire  probe  and  20  blade  surface  dynamic 
pressure  transducers  are  interfaced  to  the  stationary  frame- 
of-reference  through  a  40  channel  slip  ring  assembly.  On¬ 
board  signal  conditioning  of  the  transducer  output  signals  is 
performed^  to  maintain  a  good  signal-to-noise  ratio  through 
the  slip  ring.  The  remaining  17  channels  of  the  slip-ring 
assembly  are  used  to  provide  excitation  to  the  transducers 
and  on/off  switching  to  the  Scanivalve  DC  motor. 

DATA  ACQUISITION  AND  ANALYSIS 


Steady  Data 


The  rotor  blade  surface  static  pressure  data,  measured 
with  the  rotor-based  Scanivalve  system,  are  defined  by  a 
root-mean-square  error  analysis  of  20  samples  with  a  85% 
confidence  interval.  The  reference  for  these  midspan  blade 
pressure  measurements  is  the  static  pressure  at  the  exit  of  the 
rotor  measured  on  the  rotor  drum.  Thus,  the  blade  surface 
and  the  reference  static  pressures  are  measured  at  different 
radii.  Hence,  a  correction  for  the  resulting  difference  in  the 
radial  acceleration  is  applied  in  calculating  the  blade  surface 
static  pressure  coefficient  defined  in  Equation  1. 


where  U^  is  the  rotor  blade  tip  speed. 

Periodic  Data 

The  periodic  data  of  interest  are  the  harmonic 
components  of  the  aerodynamic  forcing  function  to  the  first 
stage  rotor  blade  row  together  with  the  resulting  rotor  blade 
surface  unsteady  pressures  and  unsteady  pressure  differences. 
These  are  determined  by  defining  a  digitized  ensemble 
averaged  periodic  unsteady  aerodynamic  data  set  consisting 
of  the  rotating  cross  hot-wire  probe  and  blade  surface 
dynamic  pressure  transducer  signals  at  each  steady  operating 
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RESULTS 


point.  In  particular,  these  time-variant  signals  are  digitised 
with  a  high  speed  A-D  system  at  a  rate  of  20  klli  and  then 
ensemble  averaged. 

The  key  to  this  averaging  technique  is  the  ability  to 
sample  data  at  a  preset  time,  accomplished  by  an  optical 
encoder  mounted  on  the  rotor  shaft.  The  microsecond  range 
step  voltage  signal  from  the  encoder  is  the  data  initiation 
time  reference  and  triggers  the  high  speed  A-D  multiplexer 
system.  To  significantly  reduce  the  random  fiuctuationa 
superimposed  on  the  periodic  signals  of  interest,  200  averages 
are  used.  A  Fast  Fourier  Transform  IFFT)  algorithm  is  then 
spiled  to  these  ensemble  averaged  signals  to  determine  the 
harmonic  components  of  the  unsteady  aerodynamic  forcing 
function  and  the  resulting  rotor  blade  surface  harmonic 
unsteady  pressures  and  pressure  difference. 

The  unsteady  inlet  fiow  field  to  the  rotor  row  is  measured 
with  the  rotating  cross  hot-wire  probe  which  quantifies  the 
relative  velocity  and  flow  angle.  The  velocity  triangle 
relations  depicted  in  Figure  2  are  then  used  to  determine  the 
unsteady  inlet  flow  field  to  the  rotor,  in  particular,  the 
streamwise  and  transverse  velocity  components,  u'*'  and  v'*’, 
respectively.  These  are  then  Fourier  decomposed  to 
determine  the  first  harmonic  of  the  streamwise  and 
transverse  velocity  componen^,  termed  the  streamwise  and 
transverse  gust  components,  u  and  v  . 

The  various  unsteady  aerodynamic  gust  mathematical 
models  reference  the  gust  generated  airfoil  aerodynamic 
response  to  a  transverse  gust  at  the  leading  edge  of  the 
airfoil.  However,  in  the  experiments  described  herein,  the 
time-variant  data  are  referenced  to  the  initiation  of  the  data 
acquisition  shaft  trigger  pulse.  Thus,  for  consistency  with 
the  models,  the  periodic  data  are  further  analysed  and 
referenced  to  a  transverse  gust  at  the  leading  edge  of  the  first 
stage  rotor  blade.  This  is  accomplished  by  assuming  that: 
(1)  the  aerodynamic  forcing  function  remains  fixed  in  the 
stationary  reference  frame;  and  (2)  the  forcing  function  does 
not  decay  from  the  rotating  hot-wire  probe  axial  location  to 
the  rotor  row  leading  edge  plane. 

The  rotor  blade  surface  unsteady  pressure  data,  measured 
with  the  embedded  high  response  pressure  transducers,  are 
analysed  to  determine  the  harmonics  of  the  chordwise 
distribution  of  the  unsteady  pressure  coefficient,  C-,  and  the 
unsteady  pressure  difference  coeflScient,  C^p.  These  are 
defined  in  Equation  2  and  are  specified  from  the  Fourier 
coefficients  of  the  digitised  ensemble  averaged  dynamic 
pressure  transducer  signals. 

Cp - (2.) 

PV[ 

Cap  ^p.ftmnn  ~  Cp^metioa  (2b) 

where  v^  is  the  first  harmonic  transverse  gust  component,  V, 
is  the  mean  axial  velocity,  and  3  is  the  relative  mean  flow 
angle. 

The  final  form  of  the  gust  generated  rotor  blade  row 
unsteady  aerodynamics  is  the  chordwise  distribution  of  the 
harmonic  complex  unsteady  pressure  and  pressure  difference 
coefficients.  AJso  included  as  a  reference  where  appropriate 
are  predictions  from  the  transverse  gust  analysis  of  Smith 
(1971).  This  model  analyses  the  unsteady  aerodynamics 
generated  on  a  flat  plate  airfoil  cascade  at  lero  incidence  by  a 
transverse  gust  convected  with  an  inviscid,  subsonic, 
compressible  flow. 


A  series  of  experiments  are  performed  to  investigate  and 
quantify  the  effects  of  the  detailed  inlet  distortion 
aerodynamic  forcing  function,  defined  by  the  ratio  of  the 
amplitudes  of  the  fir^  harmonic  streamwise- tu-traus verse 
gust  components,  I  u  /  v  I,  and  the  level  of  steady 
aerodynamic  loading,  characterized  by  the  mean  incidence 
angle,  on  the  periodic  gust  unsteady  aerodynamics  of  the  first 
stage  rotor  blade  row.  The  variation  in  the  rotor  blade 
steady  loading  was  obtained  by  holding  the  rotor  speed 
constant  and  varying  the  mass  flow  rate  and,  thus,  the  mean 
fiow  incidence  angle  to  the  rotor  blade  row. 


Three  distinct  two-per-revolution  aerodynamic  forcing 
functions  to  the  first  stage  rotor  blade  row  arc  generated  by 
varying  the  orientation  of  the  two  honeycomb  sections 
mounted  in  the  inlet.  These  are  characterized  by  nominal 
first  harmonic  streamwise-to-transverse  gust  amplitude  ratios 
of  0.4,  0.7,  and  0.0.  The  Fourier  decomposition  of  these  inlet 
distortion  aerodynamic  forcing  functions  to  the  first  stage 
rotor  row  in  terms  of  the  streamwise  and  transverse  gust 
components  for  these  three  gust  amplitude  ratios  are 
presented  in  Figures  4,  5,  and  6.  The  inlet  distortion  results 
in  a  dominant  two-per-rev  excitation  fundamental  harmonic 
with  much  smaller  higher  harmonics.  Also,  as  the  gust 
amplitude  ratio  increases,  many  of  the  higher  harmonics  of 
both  gust  velocity  components  increase  in  amplitude, 
although  they  do  not  approach  that  of  the  two-per-rev 
fundamental. 

BLADE  SURFACE  STATIC  PRESSURES 

The  effect  of  steady  aerodynamic  loading,  characterized 
by  the  mean  incidence  angle,  on  the  rotor  blade  surface  static 
ressure  coefficient  with  the  inlet  distortion  is  shown  in 
igure  7.  The  level  of  steady  loading  only  affects  the  static 
pressure  distribution  on  the  pressure  surface  over  the  front 
40%  of  the  chord.  On  the  suction  surface,  the  steady  loading 
variation  baa  a  large  effect  on  the  static  pressure  distribution 
over  the  entire  suction  surface.  Also,  thf:se  data  give  no 
indication  of  suction  surface  flow  separation.  It  should  be 
noted  that  these  surface  static  pressure  distributions  are  not 
affected  by  tbe  characteristics  of  the  neruwlir 
aerodynamic  forcing  function. 

ROTOR  PERIODIC  AERODYNAMIC  RESPONSE 

The  periodic  aerodynamic  response  of  tbe  first  stage  rotor 
blade  row  to  tbe  inlet  distortion  forcing  function,  including 
tbe  effect  of  steady  aerodynamic  loading,  are  presented  in 
Figures  8  through  IS.  In  particular,  these  figures  present  the 
chordwise  distributions  of  the  complex  unsteady  pressure 
coefficient  on  the  individual  rotor  blade  surfaces  as  well  as 
the  corresponding  complex  unsteady  pressure  difference 
coefficients  generated  by  tbe  two-per-rev  inlet  distortion 
forcing  function. 


Tbe  effect  of  steady  aerodynamic  loading  level  on  tbe 
distortion  generated  first  harmonic  complex  unsteady 
pressure  distribution  on  the  rotor  blade  pressure  surface  is 
shown  in  Figures  8,  9,  and  10  for  nominal  streamwise-to- 
transverse  gust  amplitude  ratios  of  0.4,  0.7,  and  0.9, 
respectively. 

Tbe  unsteady  pressure  magnitude  data  decrease 
monotonically  with  increasing  chord  location,  with  a  sharp 
decrease  in  the  front  region  of  the  pressure  surface  and  then 
a  gradual  decrease  over  the  remainder  of  the  chord  for  all 
steady  loading  levels  and  gust  amplitude  ratios.  For  each 
nominal  value  of  tbe  gust  amplitude  ratio,  this  form  of  the 
dimensionless  unsteady  pressure  coefficient.  Equation  2a, 
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resulta  in  the  compression  of  these  magnitude  data  for  all 
mean  flow  incidence  angle  values.  Also,  as  the  gust 
amplitude  ratio  increases,  these  magnitude  data  exhibit  a 
small  decrease  in  value.  This  is  due  to  the  gust  vector 
becoming  more  parallel  to  the  mean  flow  and,  thus,  leas 
normal  to  the  blade  pressure  surface.  Thus,  the  magnitude 
of  the  unsteady  pressure  response  on  the  blade  pressure 
surface,  i.e.,  the  low  camber  airfoil  surface,  is  primarily  due 
to  the  level  of  steady  loading  as  characterized  by  the  mean 
flow  incidence  angle. 

The  unsteady  pressure  phase  data  increase  monotouicaily 
with  chord  over  the  front  half  of  the  blade,  becoming  nearly 
constant  over  the  aft  half  for  all  steady  loading  levels  and 
gust  amplitude  ratios.  Also,  the  steady  aerodynamic  loading 
and  the  gust  amplitude  ratio  have  only  a  very  small  effect  on 
these  phase  data.  Thus,  the  phase  of  the  unsteady  pressure 
response  on  the  low  camber  blade  pressure  surface  is  nearly 
independent  of  the  steady  loading  level  and  the  gust 
amplitude  ratio. 

Suction  Surface  Unsteady  Pressures 

The  effect  of  steady  aerodynamic  loading  on  the 
distortion  generated  first  harmonic  complex  unsteady 
pressure  on  the  rotor  blade  suction  surface  is  shown  in 
Figures  11,  12  and  13  for  the  three  gust  amplitude  ratios. 

The  unsteady  pressure  magnitude  data  decrease  over  the 
front  25%  of  the  chord  for  all  steady  loading  levels  and  gust 
amplitude  ratios.  On  this  part  of  the  suction  surface,  the 
magitude  data  decrease  in  value  as  the  gust  takes  on  larger 
streamwise  components.  In  contrast  to  the  pressure  surface, 
this  form  of  the  dimensionless  unsteady  pressure  coefficient. 
Equation  2a,  does  not  compress  these  magnitude  data  with 
mean  flow  incidence  angle,  the  exception  being  between  13% 
and  20%  of  the  chord.  Also,  as  the  gust  amplitude  ratio 
increases,  these  magnitude  data  exhibit  a  relatively  large 
decrease  in  value  over  the  front  half  of  the  chord.  This  is 
due  to  the  gust  vector  becoming  more  parallel  to  the  mean 
flow  and,  thus,  less  normal  to  the  blade  pressure  surface. 
Thus,  the  magnitude  of  the  unsteady  pressure  response  on 
the  blade  suction  surface,  i.e.,  the  higher  camber  airfoil 
surface,  is  due  to  both  the  level  of  steady  loading  as 
characterized  by  the  mean  flow  incidence  angle  and  the 
streamwise-to-chordwise  gust  amplitude  ratio. 

The  unsteady  pressure  phase  data  generally  decrease 
monotonically  with  increasing  chord  for  all  gust  amplitude 
ratios  and  steady  loading  levels.  As  the  gust  amplitude  ratio 
increases,  i.e.,  as  the  gust  takes  on  a  larger  streamwise 
component,  the  phase  data  generally  decrease  in  value,  with 
the  chordwise  phase  data  variation  decreasing  more  rapidly 
over  the  front  half  of  the  blade  and  more  slowly  over  the  aft 
half.  With  regard  to  the  steady  loading  level,  the  phase  data 
are  nearly  independent  of  the  steady  loading  level  In  the 
neighborhood  of  the  quarter  chord.  Forward  and  aft  of  the 
quarter  chord,  steady  loading  has  different  effects.  In 
particular,  aft  of  the  quarter  chord,  the  phase  data  decrease 
as  the  mean  incidence  angle  is  increased.  In  contrast,  near 
the  leading  edge,  the  phase  data  increase  with  increasing 
mean  incidence  angle. 

Unsteady  Pressure  Differences 

The  effect  of  steady  loading  on  the  first  harmonic  complex 
unsteady  pressure  differences  across  the  rotor  blade 
camberline  is  shown  in  Figures  14,  15  and  10  for  streamwise- 
to-transverse  gust  amplitude  ratios  of  0.4,  0.7,  and  0.9, 
respectively.  Also  presented  as  a  reference  are  the  flat  plate 
cascade  inviscid  transverse  gust  predictions. 

The  unsteady  pressure  difference  magnitude  data 
generally  decrease  with  increasing  chord,  attaining  a  near 
minimum  value  in  the  midchord  region  of  the  airfoil.  As  the 
gust  amplitude  ratio  increases,  i.e.,  as  the  gust  takes  on  a 
larger  streamwise  component,  the  chordwise  position  of  this 


minimum  magnitude  moves  forward.  Aft  of  this  minimum 
magnitude  position,  the  magnitude  data  are  a  function  of  the 
steady  loading  level.  In  the  front  chord  region,  increased 
steady  loading  results  in  an  increase  in  the  magnitud.:  data. 
In  the  mid  to  aft  chord  region  of  the  blade,  the  unsteady 
pressure  differences  are  greatly  decreased  in  magnitude,  but 
still  increase  with  increased  mean  incidence  with  this  increase 
greater  for  higher  values  of  the  gust  amplitude  ratio.  Also, 
the  lowest  gust  amplitude  ratio  value  and  lowest  mean 
incidence  angle  data  most  closely  approximate  the  transverse 
gust  flat  plate  cascade  model  and  exhibit  the  beat  correlation 
with  the  prediction. 

An  inviscid,  incompressible  flow  cascade  model  that 
accounts  for  airfoil  profile  effects  was  used  to  determine  the 
effect  of  variations  in  the  mean  flow  incidence  angle  on  the 
airfoil  surface  steady  pressure  difference  distribution.  Figure 
17  demonstrates  that  the  pressure  difference  in  the  front 
chord  region  increases  with  increasing  mean  flow  incidence 
angle.  Thus,  for  a  quasisteady  harmonic  gust  disturbance, 
i.e.  a  low  reduced  frequency  inlet  distortion,  the  unsteady 
pressure  difference  magnitude  will  increase  in  the  front  chord 
region  as  the  mean  flow  incidence  angle  is  increased,  for 
example  Figures  14,  15  and  16. 

The  unsteady  pressure  difference  phase  data  are  nearly 
constant  over  the  front  part  of  the  blade  for  all  three  gusts. 
There  is  a  sharp  increase  in  the  phase  in  the  quarter  to  mid¬ 
chord  region  of  the  blade.  The  chordwise  location  of  the 
onset  of  this  rapid  increase  is  a  function  of  the  steady  loading 
and  the  gust  amplitude  ratio.  Aft  of  the  chordwise  location 
of  this  rapid  phase  increase,  the  phase  data  increase  with 
increased  steady  loading. 

SUMMARY  AND  CONCLUSIONS 

The  fundamental  flow  physics  of  distortion  generated 
periodic  rotor  blade  row  unsteady  aerodynamics,  including 
the  effects  of  both  the  detailed  unsteady  aerodynamic  forcing 
function  for  the  first  time  and  steady  loading,  were 
experimentally  investigated.  This  was  accomplished  through 
a  series  of  experiments  performed  in  an  extensively 
Instrumented  axi^  flow  research  compressor.  A  two-per-rev 
aerodynamic  forcing  function  was  generated  by  mounting 
two  90  degree  honeycomb  sections  180  degrees  apart 
circumferentially  in  the  compressor  inlet.  In  terms  of  the 
gust  amplitude  ratio,  three  distinct  two-per-revolution 
aerodynamic  forcing  functions  were  considered. 

The  rotor  blade  surface  steady  loading  distributions  were 
quantified  with  surface  static  pressure  taps  and  a  rotor-based 
Scanivalve  system.  The  aerodynamic  forcing  function  to  the 
rotor  blade  row  was  determined  with  a  rotating  cross  hot¬ 
wire  probe,  with  the  aerodynamic  gust  generated  rotor  blade 
surface  unsteady  pressure  chordwise  distributions  measured 
with  embedded  ultraminiature  high  response  dynamic 
pressure  transducers. 

The  detailed  distortion  gust  generated  unsteady 
aerodynamic  results  of  these  experiments  are  summarized  in 
the  following. 

Forcing  Function: 

*  The  inlet  distortion  forcing  function  shows  a  dominant 
two-per-rev,  with  much  small  higher  harmonic  content. 

*  As  the  gust  streamwise-to-chordwise  gust  amplitude  ratio 
increases,  many  of  the  higher  harmonic  amplitudes  increase, 
although  they  do  not  approach  that  of  the  two-per-rev. 

Pressure  Surface: 

*  The  unsteady  pressure  phase  data  are  nearly  independent 
of  the  steady  loading  level  and  the  gust  amplitude  ratio. 
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*  Th«  unsteady  pressure  magnitude  data  decrease 
monotoniealty  with  increasing  chord,  with  a  sharp  decrease  in 
the  front  region. 

*  The  selected  nondimensionaliiation  compresses  the 
unsteady  pressure  magnitude  data  with  regard  to  mean  Sow 
incidence  angles  for  each  gust  amplitude  ratio. 

*  Increasing  gust  amplitude  ratio  results  in  a  small  decrease 
in  the  magnitude  data  in  the  front  chord  region  due  to  the 
gust  vector  becoming  more  parallel  to  the  mean  Bow. 

*  The  magnitude  of  the  unsteady  pressure  response  on  the 
blade  pressure  surface,  i.e.,  the  low  camber  surface,  is  thus 
primarily  affected  by  the  level  of  steady  loading  as 
characterised  by  the  mean  flow  incidence  angle. 

Suction  Surface: 

*  The  unsteady  pressure  phase  data  generally  decrease  as 
the  gust  amplitude  ratio  increases.  As  the  incidence  angle  is 
increased,  the  phase  data  increase  and  then,  aft  of  25% 
chord,  decrease. 

*  The  unsteady  pressure  magnitude  data  decrease  over  the 
front  25%  of  the  chord  for  all  steady  loading  levels  and  gust 
amplitude  ratios. 

*  The  selected  nondimensionaliiation  does  not  compress 
these  uiuteady  pressure  magnitude  data  with  regard  to  mean 
flow  incidence  angle,  the  exception  being  between  13%  and 
20%  of  the  chord. 

*  Increasing  gust  amplitude  ratio  results  in  a  large  decrease 
in  the  magnitude  data  in  the  front  chord  region  due  to  the 
gust  vector  becoming  more  parallel  to  the  mean  flow. 

*  The  magnitude  of  the  unsteady  pressure  response  on  the 
blade  suction  surface,  i.e.,  the  high  camber  surface,  is  thus 
affected  by  both  the  level  of  steady  loading  and  the  gust 
amplitude  ratio. 
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APPENDIX 

As  noted,  when  the  transverse  gust  is  utilized  in  the 
nondimensionalization  of  the  unsteady  pressure.  Equation  2a, 
the  magnitude  data  on  both  the  pressure  and  suction  surfaces 
decrease  with  increasing  value  of  the  streamwise-to-chordwise 
gust  amplitude  ratio.  To  provide  a  more  advanced  design 
tool  which  accounts  for  this  effect,  semi-empirical  analysis  of 
these  unsteady  pressure  data  was  considered. 

The  blade  surface  unsteady  pressure  response  is  generated 
by  the  velocity  fluctuations  normal  to  the  blade  surfaces. 
Therefore,  an  unsteady  pressure  nondimensionalization  which 
considers  the  gust  component  normal  to  each  blade  surface 
was  considered,  accomplished  with  the  following  modified 
complex  unsteady  pressure  coefficient. 


V. 


AW  -  V(v'")*  +(u  )» 


(Al) 


(A2) 


Unsteady  Pressure  Difference; 

*  The  magnitude  data  increase  in  the  front  chord  region  as 
the  steady  loading  is  increased.  In  the  mid  to  aft  chord 
region,  the  increase  in  these  data  with  loading  is  a  function 
of  the  gust  amplitude  ratio. 

*  The  phase  data  exhibit  a  sharp  increase  in  the  quarter  to 
mid-chord  region  of  the  blade,  with  this  location  a  function 
of  the  steady  loading  and  the  gust  amplitude  ratio.  Aft  of 
this  ehordwise  location,  the  phase  data  increase  with 
increased  steady  loading. 
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where  ag  is  the  magnitude  ratio  of  the  gust  component 
normal  to  the  chordline  and  the  total  gust. 

Figure  Al  schematically  depicts  the  blade  pressure  surface 
flow  field  with  zero  mean  flow  incidence.  The  blade  surfaces 
are  approximated  by  the  chordlinc,  with  the  normal  gust 
component  calculated  from  the  data.  On  the  pressure 
surface,  the  low  camber  airfoil  surface  which  is  well 
approximated  by  the  chordline,  this  semieinpirical  correlation 
is  valid,  with  the  magnitude  data  for  the  various 
streamwise-to-cbordwise  gust  amplitude  ratios  collapsing  to  a 
single  curve.  Figure  A2.  However  on  the  high  camber  suction 
.surface,  although  this  semiempirical  correlation  does  decrease 
the  differences  in  the  magnitude  data  for  the  three 
streamwise-to-chordwise  gust  amplitude  ratios,  there  are  still 
large  differences.  Figure  A3.  This  is  most  likely  associated 
with  the  strong  interactions  between  the  steady  and  unsteady 
flow  fields  in  the  leading  edge  region  and  aft  of  midchord 
region.  Also,  the  chordline  is  a  poor  approximation  to  this 
high  camber  airfoil  surface.  It  should  be  noted  that 
incorporating  only  the  total  gust  vector,  AW,  i.e.  setting  a, 
to  unity  in  Equation  Al,  was  also  considered.  However, 
rather  ^  than  a  collapsing  of  the  magnitude  data  with 
increasing  streamwise-to-chordwise  gust  amplitude  ratio,  this 
resulted  in  an  amplification  of  this  effect. 
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STATOR 
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AlrfeUType 

C4 

C4 

C4 

Nuabar  of  Airfaib 

43 

31 

34 

Chord,  C  (mm) 

SO 

30 

30 

Sottdlty,  C/S 

1.14 

1.00 

0.36 

Cambor,  0 

37.33 

37.70 

33.3 

SUcsw  Aatio,  X 

33 

-33.1 

13.6 

Aapoct  Ratio 

3.0 

3.0 

3.0 

Tbkkoam/Cbord  (9E) 

10 

10 

to 

DaaltD  Flow  Rata  (kg/t) 

3.03 

DaaltB  AxW  Valoclly  (m/t) 

34.4 

Rotational  Spaad  (RPM) 

2360 

Nombar  of  Stagaa 

3 

Slaga  Praaaota  Ratio 

1.003 

lalat  Tip  Dlamatar  (mm) 

420 

ilub/TIp  Radiua  Ratio 

0.714 

Sta«a  EOdaocy  (%) 

86 
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Figure  10.  Preaeure  surface  st^y  loadiog  effect  on  unsteady 
pressure,  la  /  t  I  -•  0.9 


Figure  12.  Suction  surface  steady  loading  effect  on  unsteady 
pressure,  I  u  /  r  I  »  0.7 


Figur*  14.  Stemdx  loading  effect  on  anatemd]r  presiure 
difference,  |  I  ■■  0.4 


Figure  1#.  Steady  loading  effect  on  unsteady  pressure 
difference,  I  u^  /  ▼  1  ■■  O.fl 
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Periodic  Rotor-Blade  Aerodynamics 
Including  Loading  Effects 
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A  series  of  esperimeMs  are  perforMcd  to  iaecsllKale  aod  qnanlity  the  effects  of  steady  acrodynaoiic  ioadint 
oo  the  oosteady  gost  aerodyaamics  of  a  fitst-slage  rotor  Made  at  realistic  valocs  of  the  rcdoccd  frequency.  These 
are  accompUshed  iu  a*  extciisivcly  ImlruaseiMed  axial  flow  research  compressor  wMh  the  bigh-redaced  frequency 
gusts  generated  by  the  wakes  from  the  inlet  guide  eanes.  The  unsteady  pressure  response  on  the  low-camber 
Made  pressure  surface  Is  primarily  affected  by  mean  How  incldeace  angle  except  in  the  accrierating  mean 
(lowfieid  of  the  front  chord  region  at  negative  incidence.  However,  the  unsteady  pressure  response  on  the  high- 
camber  soctlon  surface  b  affected  by  steady  loading  over  the  entire  surface,  i.e.,  gust  interactions  with  the 
accelerating  mean  Howfield  in  the  front  half  and  the  large  viscous  regions  in  the  aft  half.  The  mullislage  effects 
associated  arlth  compressor  rotor-stator  Made-row  operation  in  the  super-resonant  flow  regime,  wherein  aeons- 
lie  waves  propagate,  are  also  considered.  The  unsteady  pressure  difference  and  thus,  the  unsteady  llfl.  due  to 
acoustic  waves  generated  by  the  downstream  super-resonant,  rotor-stator  interaction,  is  nearly  zero,  even 
Ihongh  the  individual  surface  unsteady  pressarcs  are  of  rclatlvdy  large  ampittude. 


Nomenclature 

C  =  rotor  chord 

Ct  =  .steady  lift  coefficient,  (f  (Pp  -  p,)  ±x/j  pUjC 

Cp  w  first  harmonic  unsteady  pressure  coefficient 

Cp  =■  static  pressure  coefficient 

Ctp  »  first  harmonic  unsteady  pressure  difference 

I  »  mean  incidence  angle 

k  =  reduced  frequency, 

p  ^  rotor-surface  static  pressure 

Pttn  -  rotor-exit  static  pressure 

p  =  first  harmonic  complex  unsteady  pressure 

If  *  >  first  harmonic  streamwise  gu;t  component 

U,  =  blade  tip  speed 

0 "  =  first  harmonic  transverse  gust  component 

F,  s  mean  axial  velocity 

3  =  rotor  relative  mean  flow  angle 

<7  »  interblade  phase  angle 

<Ai  «  inlet  guide  vane  (IGV)  passing  frequency 

Introduction 

ERIODIC  aerodynamic  excitations  generate  unsteady 
aerodynamic  forces  and  moments  on  turbomachinery 
blading.  When  the  aerodynamic  excitation  frequency  corre¬ 
sponds  to  a  blade  natural  frequency,  catastrophic  vibrational 
responses  may  occur.  The  operating  conditions  at  which  these 
resonance  conditions  are  found  can  be  predicted  with  Camp¬ 
bell  diagrams.  However,  accurate  predictions  of  the  amplitude 
of  the  resonant  blade  vibration  cannot  currently  be  made  due 
to  the  inability  of  mathematical  models  to  accurately  analyze 
the  aerodynamic  forcing  function  and  the  resulting  unsteady 
aerodynamics  acting  on  the  blading. 

Wakes  shed  by  upstream  airfoil  rows  are  the  most  common 
aerodynamic  excitation  source  (see  Fig.  I).  On  a  first  principles 
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basis,  the  resulting  high-reduced  frequency  forced  respon.se 
problems  are  analyzed  by  first  defining  the  unsteady  aerody¬ 
namic  forcing  function  in  terms  of  its  harmonics.  The  periodic 
response  of  the  airfoil  row  to  each  harmonic  is  then  assumed 
to  include  two  components.  The  first  is  due  to  the  parallel  and 
normal  components  of  the  harmonic  forcing  function  being 
swept  past  the  nonresponding  airfoil  .row,  termed  the  stream- 
wise  (parallel)  and  transverse  (normal)  just  responses,  respec¬ 
tively.  The  second,  the  self-induced,  unsteady  aerodynamics, 
arises  when  the  aerodynamic  forcing  function  generates  a  vi¬ 
brational  response  of  the  airfoils. 

Mathematical  models  to  predict  the  unsteady  aerodynamic 
response  of  an  airfoil  row  to  a  gust  are  being  developed.  Small 
perturbation  thin  airfoil  analyses  were  considered  initially  with 
integral  solutions  obtained  for  the  unsteady  lift  on  a  flat  plate 
airfoil  cascade  at  zero  incidence  in  an  inviscid,  irrotational 
riowfield,  for  example.  Refs.  1-4.  Models  that  consider  the 
profile  of  the  airfoil  as  well  as  finite  incidence  angles  have 
subsequently  been  developed.  Goldstein  and  Atas=;;’  and 
Atassi*  analyzed  the  inviscid,  incompressible  flow  past  an  iso¬ 
lated  airfoil  of  arbitrary  shape  at  finite  angle  of  attack  subject 
to  an  interacting  gust.  Chiang  and  Fleeter’  utilized  the  com¬ 
plete  first-order  model  and  a  locally  analytical  solution  tech¬ 
nique  to  predict  the  unsteady  loading  on  a  cascade  of  thick, 
cambered  airfoils  at  nonzero  incidence  angles  in  an  incom¬ 
pressible  flow  due  to  a  convected  gust. 

Unsteady  aerodynamic  gust  experiments  of  direct  interest  to 
turbomachines  have  been  performed  in  low-speed  research 
compressors  at  both  high  and  low  values  of  the  reduced  fre¬ 
quency.  The  effects  of  airfoil  camber,  rotor-stator  axial  spac¬ 
ing,  and  the  waveform  of  the  aerodynamic  forcing  function 
have  been  investigated  on  the  stationary  vane  rows  of  both 
single  and  multistage  compressors.'""  The  aerodynamic  forc¬ 
ing  function  in  these  experiments  was  made  up  of  the  high- 
reduced  frequency  wakes  shed  by  the  upstream  rotor  blades. 
Hardin  et  al."  measured  low-r^uced  frequency  oscillating 
airfoil  aerodynamics  on  a  rotor  of  a  single-stage,  low-speed 
compressor  and  also  stated  that  they  had  performed  distortion 
gust  response  experiments,  although  they  did  not  present  these 
results. 

In  this  paper,  the  fundamental  flow  physics  of  rotor-blade 
row  unsteady  gust  aerodynamics  are  experimentally  investi¬ 
gated  at  realistic  high  values  of  the  reduced  frequency  for  the 
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Table  I  Overall  airfoil  aad  coMpreasor  charaeterhlics 


Rotor 

Stator 

IGV 

Airfoil  type 

C4 

C4 

C4 

Number  of  airfoils 

4} 

31 

36 

Chord.  C,  mm 

30 

30 

30 

Solidity.  C/S 

1.14 

1.09 

0.96 

Camber.  9 

28.0 

27.7 

36.9 

Stagger  angle,  y 

36.0 

-36.0 

21.0 

Aspect  ratio 

2.0 

2.0 

2.0 

Thickness/chord, 

10.0 

10.0 

10.0 

Flow  rate,  kg/s 

2.03 

Design  axial  velocity,  m/s 

24.4 

Design  rotational  speed,  RPM 

2230 

Number  of  stages 

3 

Design  stage  pressure  ratio 

1.0 

Inlet  lip  diameter,  mm 

420 

Mub/lip  radius  ratio 

0.714 

Stage  efficiency.  *'• 

85 

un  or  MTMIOM 


Flf.  2  Baseiiae  coaipressor  cooflturalioa. 


Ftp.  }  Rolor>blade  profile  aad  inatramenlalloa  locallom. 


first  time.  In  particular,  a  series  of  experiments  are  performed 
in  an  extensively  instrumented  axial  flow  research  compressor 
to  investigate  the  effects  of  steady  aerodynamic  loading  on  the 
unsteady  gust  aerodynamics  of  a  first-stage  rotor  blade  with 
the  high-reduced  frequency  gusts  generated  by  the  wakes  from 
the  inlet  guide  vanes  (IGV).  The  multistage  effects  associated 
with  operation  in  the  super-resonant  flow  regime  wherein 
acoustic  waves  propagate  are  also  considered. 

Rescarcli  Compressor 

The  Purdue  Axial  Flow  Research  Compressor  experimen¬ 
tally  models  the  fundamental  aerodynamic  phenomena  inher¬ 
ent  in  turbomachinery  airfoil  rows  including  the  airfoil  inci¬ 
dence  angles,  the  velocity  and  pressure  variations,  the 
aerodynamic  forcing  function,  the  r^uced  frequency,  and  the 
unsteady  blade  and  vane  row  interactions.  The  three-stage 
compressor  is  driven  by  a  IS-HP  dc  electric  motor  and  is 
operated  at  a  speed  of  22S0  rpm.  Each  identical  stage  of  the 
baseline  compressor  contains  43  rotor-blades  and  31  stator 
vanes  having  a  British  C4  profile  with  the  first-stage  rotor  inlet 
flowfield  established  by  a  row  of  36  variable  setting  IGVs.  The 
overall  airfoil  and  compressor  characteristics  are  presented  in 
Table  I .  For  these  experiments,  the  first-stage  rotor-blade  row 
is  extensively  instrumented.  Because  of  the  large  axial  gap 
between  the  IGV  row  and  the  first-stage  rotor  row.  approx¬ 


imately  74V»  of  vane  chord,  the  potential  flow  effects  from  the 
IGV  row  are  negligible  and  the  rotor-row  periodic  distur¬ 
bances  are  due  only  to  the  vane  viscous  wakes.  To  eliminate 
potential  flow  effects  from  the  downstream  stator  vane  row  on 
the  instrumented  first-stage  rotor-blades,  the  first-stage  stators 
and  second-stage  rotors  are  removed,  as  schematically  de¬ 
picted  in  Fig.  2. 

Instrumentation 

Both  steady  and  unsteady  data  are  required.  The  steady  data 
define  the  chordwise  distribution  of  the  rotor-blade  surface 
static  pressure,  “^he  unsteady  data  quantify  both  the  unsteady 
aerodynamic  forcing  function  to  the  first-stage  rotor  and  the 
resulting  chordwise  distribution  of  the  unsteady  pressure  on 
the  rotor-blade  surfaces. 

The  detailed  steady  aerodynamic  loading  on  the  rotor-blade 
surfaces  is  measured  with  a  chordwise  distribution  of  20 
midspan  static  pressure  laps,  10  on  each  surface  (see  Fig.  3). 
The  static  pressure  at  the  rotor-exit  plane,  measured  with  a 
rotor-drum  static  tap,  is  used  as  the  blade  surface  static  pres¬ 
sure  reference.  These  static  pressure  measurements  are  made 
using  a  rotor-based.  48-port,  constant-speed-drive  Scanivalve 
system  located  in  the  rotor  drum. 

The  unsteady  aerodynamic  forcing  function  to  the  instru¬ 
mented  first-stage  rotor-blade  row,  i.e.,  the  exit  flowfield  of 


Fig.  4  Schfinallc  of  rolaling  limc-varianl  Inslnimciilation. 


the  iGVs  is  measured  with  a  cross  hot-wire  probe  mounted  in 
the  rotor  frame  of  reference.  The  probe  is  circumferentially 
located  2.83  blade  spacings  from  the  instrumented  rotor- 
blades  and  30<7a  of  blade  chord  upstream  of  the  rotor-leading- 
edge  plane  as  schematically  shown  in  Fig.  4.  It  is  angularly 
aligned  to  obtain  rotor-relative  velocity  and  flow  angle  data. 
The  hot  wires  are  calibrated  for  velocities  from  9. 1  m/s  to  53.4 
m/s  and  ±  35  deg  angular  variation  with  the  accuracy  of  the 
velocity  magnitude  and  angle  being  4V«  and  ±  I  deg,  respec¬ 
tively. 

The  measurement  of  the  midspan  rotor-blade  surface  un¬ 
steady  pressures  is  accomplished  with  20  ultraminiature,  high- 
response  transducers  embedded  in  the  rotor-blade  surfaces  at 
the  same  chordwise  locations  as  the  static  pressure  taps.  Be¬ 
cause  of  blade  space  limitations,  only  five  transducers  are 
fitted  per  blade  surface  and,  thus,  four  instrumented  blades, 
mounted  in  the  rotor  row  as  shown  in  Fig.  4,  are  utilized  to 
obtain  the  20  unsteady  pressure  measurements.  To  minimize 
the  possibility  of  flow  disturbances  associated  with  the  inabil¬ 
ity  of  the  transducer  diaphragm  to  exactly  maintain  the  surface 
curvature  of  the  blade,  a  reverse  mounting  technique  is  uti¬ 
lized.  The  pressure  surface  of  one  blade  and  the  suction  sur¬ 
face  of  the  adjacent  blade  are  instrumented,  with  transducers 
embedded  in  the  nonmeasurement  surface  and  connected  to 
the  measurement  surface  by  a  static  tap.  The  embedded  dy¬ 
namic  transducers  were  both  statically  and  dynamically  cali¬ 
brated.  The  static  calibrations  showed  good  linearity  and  no 
discernible  hysteresis.  The  dynamic  calibrations  demonstrated 
that  the  frequency  response,  in  terms  of  gain  attenuation  and 
phase  shift,  was  not  affected  by  the  reverse  mounting  tech¬ 
nique.  The  accuracy  of  the  unsteady  pressure  measurements, 
determined  from  the  calibrations,  is  ±4Vt. 

The  rotating  frame-of-reference  data  signals,  i.e.,  the  sig¬ 
nals  from:  I)  the  rotor-based  Scanivalve  static  pressure  trans¬ 
ducer.  2)  the  20  rotor-blade  surface  dynamic  pressure  trans¬ 
ducers.  and  3)  the  cross  hot-wire  probe  are  transferred  to  the 
stationary  reference  frame  by  means  of  a  40-channel  slip  ring 
assembly.  Onboard  signal  conditioning  is  performed  to  main¬ 
tain  a  good  signal-to-noise  ratio  through  the  slip  rings.  The 
remaining  17  channels  of  the  slip-ring  assembly  are  used  to 
provide  e.xcitation  to  the  transducers  and  excitations  and  on/ 
off  switching  to  the  rotor-based  Scanivalve  dc  motor. 

Data  Acquisition  and  Anaiysis 

The  rotor-blade  surface  static  pressure  data,  measured  with 
the  rotor-based  Scanivalve  system,  are  defined  by  a  root- 
mean-square  error  analysis  of  20  signal  samples  with  a  95V» 
confidence  interval.  The  reference  for  these  midspan  blade 
pressure  measurements  is  the  static  pressure  at  the  exit  of  the 
rotor,  measured  on  the  rotor  drum.  Thus,  the  blade  surface 
and  the  reference  static  pressures  are  measured  at  different 
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Fig.  5  Periodic  transverse  velocity  and  gosi  entering  rotor  row. 


radii.  To  account  for  the  resulting  difference  in  the  centrifugal 
forces  acting  on  the  air  in  the  static  pressure  tubing,  a  correc¬ 
tion  is  applied  in  calculating  the  values  of  the  airfoil  surface 
static  pressure  coefficient  defined  in  Eq.  (1) 


where  U,  is  the  rotor-blade  tip  speed. 

The  unsteady  data  of  primary  interest  are  the  first  harmonic 
component  of  the  aerodynamic  forcing  function,  i.e..  the  un¬ 
steady  rotor  inlet  flowfield  together  with  the  resulting  rotor- 
blade  surface  first  harmonic  unsteady  pressures  and  pressure 
differences.  These  are  determined  by  defining  a  digitized 
ensemble-averaged  unsteady  aerodynamic  data  set  consisting 
of  the  rotating  hot-wire  and  surface  pressure  transducer  sig¬ 
nals  at  each  steady  operating  point.  In  particular,  these  time- 
variant  signals  are  digitized  with  a  high-speed  analog-digital 
(A/D)  system  and  then  ensemble  averaged.  The  key  to  this 
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avcragint  Cechniquc  is  the  ability  to  sampfe  data  at  a  preset 
time,  accomplished  by  an  optical  encoder  mounted  on  the 
rotor  shaft.  The  microsecond  range  step  voltage  signal  from 
the  encoder  is  the  data  initiation  time  reference  and  triggers  the 
high-speed  A/D  multiplexer  system.  To  reduce  signiricantly 
the  random  fluctuations  superimposed  on  the  periodic  signals 
of  interest,  200  averages  are  used.  A  Fast  Fourier  Transform 
(FFT)  algorithm  is  then  applied  to  these  ensemble-averaged 
signals,  and  the  first  harmonic  component  of  the  unsteady 
aerodynamic  forcing  function,  the  gust,  and  the  resulting  ro¬ 
tor-blade  surface,  unsteady  pressures  are  determined. 

The  unsteady  inlet  flow  to  the  rotor  row  is  measured  with 
the  rotating  cross  hot-wire  probe,  which  quantifies  the  relative 
velocity  and  flow  angle.  The  velocity  triangle  relations  de¬ 
picted  in  Fig.  I  are  then  used  to  determine  the  inlet  nowfield 
to  the  rotor,  in  particular,  the  first  harmonics  of  the  stream- 
wise  and  transverse  gust  components  d  ^  and  0 ' ,  respectively. 
To  account  for  the  development  of  the  IGV  wakes  from  the 
rotating  hot-wire  measurement  location  upstream  of  the  rotor- 
blade  row  to  the  rotor-leading-edge  plane,  the  wake  similar¬ 
ity  and  decay  model  of  Lakshminarayana  and  Uavino'*  is 
utilized. 


I'ig.  S  Blade  surface  stalk  pressure  at  low  steady  Inadlug. 
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Fk.  7  BaseHue  Made  umteady  pressure  difference. 


The  rotor-blade  surface  unsteady  pressure  data,  measured 
with  the  embedded  high-response  pressure  transducers,  are 
analyzed  to  determine  the  first  harmonics  of  the  chordwise 
distribution  of  the  unsteady  pressure  coefficient  Cp  and  the 
unsteady  pressure  difference  coefficient,  These  are  de¬ 
fined  in  Eqs.  2  and  are  specified  from  the  Fourier  coefficients 
of  the  digitized  blade  surface  unsteady  pressure  signals 


where d  is  the  first  harmonic  complex  unsteady  pressure,  ^  is 
the  first  harmonic  complex  transverse  gust  component,  K,  is 
the  mass-averaged  axial  velocity,  and  $  is  the  relative  mean 
flow  angle. 

The  gust  generated  rotor-blade  row  unsteady  aerodynamics 
are  presented  in  the  form  of  chordwise  distributions  of  the  first 
harmonic,  complex  harmonic  pressure  and  pressure  difference 
coefficients.  Also  included  as  a  reference  where  appropriate 
are  predictions  from  the  transverse  gust  analysis  of  Smith.* 
This  model  analyzes  the  unsteady  aerodynamics  generated  on 
a  flat  plate  airfoil  cascade  at  zero  incidence  by  a  harmonic 
transverse  gust  convecled  with  an  inviscid,  irrotaiional,  sub¬ 
sonic  compressible  flow. 


Results 

To  investigate  and  quantify  the  effects  of  steady  aerody¬ 
namic  loading  on  the  unsteady  gust  aerodynamics  of  a  first- 
stage  rotor  blade  at  realistic  values  of  the  reduced  frequency, 
a  series  of  experiments  are  performed.  The  high-reduced  fre¬ 
quency  aerodynamic  forcing  function  to  the  rotor  blades  is 
made  up  of  the  wakes  from  the  IGVs.  Figure  5  presents  a 
sample  of  the  transverse  periodic  unsteady  velocity  generated 
by  the  IGV  wakes  and  obtained  from  the  rotating  cross  hot¬ 
wire  measurement  digitized  at  a  rate  of  100  kHz.  The  fre¬ 
quency  content  of  this  signal  is  also  demonstrated  by  the 
Fourier  components,  determined  by  means  of  a  FFT  al¬ 
gorithm.  The  multistage  effects  associated  with  operating  in 
the  super-resonant  flow  regime  wherein  acoustic  waves  propa¬ 
gate  are  also  considered. 

Bascihic 

The  baseline  steady  and  gust-generated,  time-variant  data 
for  the  investigation  of  the  effect  of  steady  loading  on  rotating 
blade-row  unsteady  aerodynamics  are  obtained  at  a  compres¬ 
sor  operating  condition  corresponding  to  a  low  level  of  steady 
rotor-blade  aerodynamic  loading.  This  also  most  closely  corre¬ 
sponds  to  the  reference  transverse  gust  model,  which  considers 
a  flat  plate  airfoil  cascade  and,  thus,  no  steady  loading.  For 
this  compressor  configuration,  this  lowest  loading  condition  is 
defined  by  a  first-stage  rotor-blade  row  mean  incidence  angle 
of  —  3.S  deg.  The  chordwise  distribution  of  the  blade  surface 
static  pressure  coefficient  is  presented  in  Fig.  6. 

The  first  harmonic,  gust-generated,  unsteady  pressure  dif¬ 
ference  coefricieni  data,  with  the  transverse  gust  flat  plate 
cascade  prediction  as  a  reference,  are  presented  in  Fig.  7. 
Overall,  the  magnitude  data  exhibit  fair  correlation  with  the 
prediction  with  the  data  increased  in  value  relative  to  the  pre¬ 
diction  over  the  front  and  midchord  regions  of  the  blade.  Also, 
the  aft  three  chordwise  data  points  increase  in  a  somewhat 
linear  fashion,  contrary  to  the  trend  of  the  prediction.  The 
correlation  of  the  phase  data  with  the  prediction  is  relatively 
poor,  with  the  differences  being  on  the  order  of  90  deg  over  the 
entire  chord.  These  differences  between  the  complex  unsteady 
pressure  difference  data  and  the  fiat  plate  predictions  are  asso¬ 
ciated  with  the  airfoil  profile  and  nonzero  mean  incidence,  i.e., 
the  steady  loading,  as  will  be  discussed  in  the  next  section. 
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Steady  Loadint  Effects 

The  effect  of  steady  aerodynamic  loading,  characterized  by 
the  mean  incidence  angle,  on  the  rotor-blade  surface  static 
pressure  coefficient  is  shown  in  Fig.  8.  The  level  of  steady 
loading  only  affects  the  static  pressure  distribution  on  the 
rotor-blade  pressure  surface  over  the  front  407*  of  the  chord. 
On  the  suction  surface,  the  variation  in  the  steady  loading  has 
a  large  effect  on  the  static  pressure  distribution  over  the  entire 
chord.  ALSO,  these  data  exhibit  no  indication  of  steady  flow 
separation. 

The  effect  of  steady  aerodynamic  loading  level  on  the  first 
harmonic,  complex,  unsteady  pressure  coefficient  on  the  ro¬ 
tor-blade  pressure  surface  is  shown  in  Fig.  9.  The  form  of  the 
dimensionless  unsteady  pressure  coefficient  specified  in 
Eq.  (2a)  results  in  a  compression  of  the  unsteady  pressure 
magnitude  data  over  the  entire  pressure  surface  for  all  but  the 
two  lowest  steady  loading  levels.  For  these  two  loading  cases, 
large  variations  are  found  in  the  magnitude  data  in  the  neigh¬ 
borhood  of  the  quarter  chord.  This  corresponds  to  the  previ¬ 
ously  noted  effects  of  steady  loading  on  the  rotor-blade  sur¬ 
face  static  pressure  wherein  loading  primarily  influenced  the 
front  part  of  the  pressure  surface.  In  particular,  the  static 
pressure  coefficient  value  for  the  hub  static  pressure  coeffl- 
cient  upstream  of  the  rotor  row  is  approximately  -0.24, 
thereby  indicating  that  the  mean  fiowfield  accelerates  around 
the  pressure  surface  leading  edge  before  decelerating  (diffus¬ 
ing)  for  the  two  lowest  mean  incidence  angles,  i.e..  the  static 
pressure  coefficient  decreases  and  then  increases.  Similar  to 
the  magnitude  data,  the  effects  of  steady  loading  on  the  pres¬ 
sure  surface  unsteady  pressure  phase  collapse  into  approx¬ 
imately  one  curve  with  the  exception  being  the  lowest  steady 
loading  level  in  the  front  chord  region. 

In  summary,  for  the  chordwise  region  where  the  mean  flow- 
field  does  not  accelerate,  i.e.,  the  mid-to-aft  chord  region  for 
all  steady  loading  levels  and  the  front  chord  region  for  the 
three  high  steady  loading  levels,  the  data  compress  for  all  gust 
amplitude  ratios,  which  indicates  that  steady  loading  as  char¬ 
acterized  by  the  mean  flow  incidence  is  a  key  mechanism  for 
the  low-camber  pressure  surface  unsteady  aerodynamic  wake 
response.  However,  in  an  accelerating  mean  fiowfield,  i.e., 
the  front  chord  region  for  the  two  low  steady  loading  levels, 
mean  fiowfield  interactions  with  the  unsteady  gust  are  also 
important. 

The  entire  suction  surface  unsteady  pressure  chordwise  dis¬ 
tribution,  both  magnitude  and  phase,  is  affected  by  the  level  of 
the  steady  aerodynamic  loading  (see  Fig.  10).  Again,  this  cor¬ 
responds  to  the  previously  presented  suction  surface  static 
pressure  data  variation  with  mean  incidence  angle.  In  particu¬ 
lar,  the  front-to-mid-chord  region  data  show  a  decreasing-in- 
creasing  magnitude  trend  with  chord  with  the  minimum  mag¬ 
nitude  chordwise  location  moving  forward  with  increasing 
steady  loading.  This  minimum  corresponds  to  the  minimum  in 
the  static  pressure  chordwise  distribution  (see  Fig.  8).  wherein 
the  chordwise  location  of  the  change  from  accelerating  to  de- 
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celerating  mean  flow  moves  forward  with  increasing  mean 
incidence.  Thus,  similar  to  the  pressure  surface  unsteady  re¬ 
sponse  in  the  front  chord  region  at  negative  mean  incidence 
flow,  the  unsteady  gust  interacts  with  the  accelerating  mean 
fiowfield  around  the  suction  surface  in  the  front  chord  region. 
In  the  mid-to-aft  chord,  a  second  decreased  magnitude  region 
occurs,  with  the  minimum  moving  forward  with  increased 
mean  incidence.  In  the  suction  surface  aft  chord  region,  where 
the  boundary  layer  and  other  viscous  effects  are  at  their  great¬ 
est  due  to  the  severe  adverse  pressure  gradient,  the  gust  interac¬ 
tion  with  this  mean  fiowfield  most  likely  causes  the  decreasing- 
increasing  magnitude  trend  shown.  As  the  mean  flow  inci¬ 
dence  angle  is  increased,  i.e.,  steady  loading  increases,  the  aft 
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Fig.  9  Eoadliif  effect  on  rolor-Made  piessaie,  surface  unsteady 
pressure. 


Fig.  10  Loading  effect  on  rotor-blade  suction  surface  unsteady 
F)g.  8  Steady  loading  effect  on  Made  surface  stalk  pressure.  pressure. 


sei»i  .-ocr.  t9w 


PBItlOOiC  ROTOR-BLADC  AEMOl^AMlCS 


S9S 


FIr.  II  Chordwtac  dWribaiiop  of  sactioii  surface  phase  data  at  hifh 
loading. 


suction  surface  diffusion  rate  increases  and,  thus,  the  large 
viscous  effects  move  forward,  similar  to  the  magnitude  mini¬ 
mum  trends  discussed  above.  However,  verirication  of  this 
hypothesis  cannot  be  made,  with  this  requiring  substantially 
increased  unsteady  flow  instrumentation  to  obtain  detailed 
boundary  layer  and  completed  unsteady  flowfield  data. 

The  steady  loading  level  primarily  affects  the  phase  data  on 
the  aft  three  quarters  of  the  rotor-blade  suction  surface.  As  the 
mean  incidence  angle  is  increased  from  the  baseline  low-load¬ 
ing  condition,  the  chordwise  variation  of  the  phase  data  on  the 
aft  part  of  the  suction  surface  becomes  linear,  with  the  extent 
of  this  linear  distribution  increasing  with  increasing  mean  inci¬ 
dence.  This  linear  chordwise  distribution  of  the  phase  data 
indicates  the  existence  of  a  convected  wave  phenomena.  This 
is  more  clearly  demonstrated  in  Fig.  II.  wherein  the  highest 
steady  loading  level  suction  surface  phase  data  are  replotted 
together  with  the  linear  phase  curve  corresponding  to  the  mass- 
averaged  axial  velocity  convection  time  lag.  As  seen,  the  wave 
on  the  suction  surface  is  convected  at  approximately  the  mean 
axial  velocity  of  the  flow  through  the  rotor-blade  row.  Other 
authors'-'*  have  noted  this  linear  phase  distribution  corre¬ 
sponding  to  the  mean  axial  velocity.  However,  the  physical 
explanation  of  this  wave  phenomenon  could  not  be  made.  This 
wave  phenomenon  is  related  to  the  gust  interacting  with  the 
large  viscous  effects  along  the  suction  surface  mid-to-aft 
chord.  However,  once  again,  until  detailed  measurements  are 
made,  but  this  cannot  be  verified. 


fig.  M  Hamrank  coalenl  varlalkMi  with  aaMhet  of  statofs  la  dowa- 
nrcaai  rows. 


In  summary,  on  this  high-camber  suaion  surface,  the  steady 
loading  affects  the  interaction  between  the  mean  flowfield  and 
the  unsteady  gust  and,  thus,  the  unsteady  aerodynamic  re¬ 
sponse  over  the  entire  blade  surface.  On  the  front  half  of  the 
surface,  an  accelerating  mean  flowfield  affects  the  unsteady 
pressure  gust  response,  whereas  on  the  aft  half  of  the  surface, 
large  boundary-layer  viscous  effects  affect  the  unsteady  pres¬ 
sure  gust  response. 

The  variation  of  the  complex,  unsteady  pressure  difference 
coefficient  data  with  steady  loading  level  is  shown  in  Fig.  12. 
The  effects  of  loading  on  the  previously  presented  individual 
pressure  and  suction  surface  magnitude  and  phase  data  are  still 
apparent  with  the  suction  surface  effects  being  dominant.  For 
example,  analogous  to  the  loading  trends  on  the  suction  sur¬ 
face,  the  unsteady  difference  magnitude  data  show  two  de¬ 
creased  magnitude  regions,  one  in  the  front  chord  region  and 
the  other  in  the  mid-to-aft  chord  region,  with  the  chordwise 
location  of  the  magnitude  minimums  moving  forward  with 
increased  steady  loading.  Also,  the  extent  of  the  increased 
difference  magnitude  data  on  the  aft  portion  of  the  blade 
increases  with  increased  steady  loading.  The  difference  phase 
data  remain  nearly  constant  over  the  front  portion  of  the 
blade.  The  chordwise  location  where  the  rapid  increase  in  the 
value  of  the  phase  data  begins  to  occur  moves  forward  with 
increasing  steady  loading.  The  increased  steady  loading  causes 
the  chordwise  distribution  of  the  difference  magnitude  and 
phase  data  to  differ  greatly  from  the  prediction  with  the  mag¬ 
nitude  data  not  just  decreasing  with  increasing  chord  and  the 
phase  data  not  remaining  nearly  constant  with  chord  per  the 
predictions.  Thus,  to  accurately  predict  the  gust  generated 
unsteady  loading,  the  physical  unsteady  flow  effects  discussed 
in  the  previous  blade  surface  sections  must  be  adequately 
modeled. 

S«|wr-Rcsom«l  Flow  Regiaw 

The  physical  description  of  an  acoustic  stator-rotor  interac¬ 
tion  given  in  Ref.  IS  clearly  explains  the  acoustic  environment 
in  which  resonant  conditions  occur.  The  configurations  for 
which  subresonant  and  super-resonant  conditions  occur  for 
these  experiments  are  desaibed  below.  The  compressor  con¬ 
figuration  utilized  for  the  above  described  steady  loading  ex¬ 
periments  had  43  blades  in  both  rotor  rows  and  31  vanes  in 
each  far  downstream  stator  row  (see  Fig.  2).  This  corresponds 
to  a  subresonant  condition  wherein  the  acoustic  waves  gener¬ 
ated  by  the  downstream  rotor-stator  interactions  do  not  prop¬ 
agate  appreciably  upstream  and,  thus,  the  first-stage  rotor  row 
is  not  aff^ected  by  the  downstream  rotor-stator  interactions.  A 
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Fig.  14  Made  prcmirt  sarfacc  ■■ftcady  data  al  acoastic  wave  fre- 
qacacy. 


Fig.  IS  Blade  sactloa  sarface  aasleadjt  pressare  data  at  acoaslk 
wave  fregaeacy. 


super-resonant  condition  was  also  established  in  the  compres¬ 
sor,  accomplished  by  altering  (he  number  of  vanes  in  each 
stator  row.  In  particular,  the  number  of  blades  in  each  rotor 
row  was  held  constant  at  4')  with  the  number  of  stator  vanes 
changed  to  41  vanes  per  stator  row.  In  this  configuration, 
acoustic  waves  generated  by  the  downstream  rotor-stator  in¬ 
teractions  propagate  upstream  to  the  instrumented  first-stage 
rotor-blade  row. 

With  the  compressor  operating  in  a  downstream  rotor-stator 
interaction  super-resonant  flow  regime  generated  with  41 
vanes  per  stator  row  and  43  blades  per  rotor  row,  the  upstream 
propagating  acoustic  wave  could  not  be  detected  by  the  rotat¬ 
ing  cross  hot  wire  located  upstream  of  the  first-stage  rotor 
row.  Therefore,  to  demonstrate  the  relative  amplitude  of  the 
downstream  generated  acoustic  wave.  Fig.  13  shows  the 
Fourier  decomposition  of  the  signal  from  the  first-stage  rotor- 
blade  suction  surface  pressure  transducer  located  nearest  the 
leading  edge  for  both  the  subresonant  condition  and  the  super¬ 
resonant  conditions.  Clearly  seen  is  the  relatively  large  ampli¬ 
tude  acoustic  wave  generated  by  the  downstream  rotor-stator 
interactions.  In  particular,  in  the  super-resonant  condition 
with  41  vanes  per  stator  row,  the  tran^ucer  signal  contains  a 
component  at  a  frequency  of  1537.3  Hz  that  1)  is  not  seen  in 
the  baseline  subresonant  data  obtained  with  3 1  vanes  per  stator 
row  and  2)  has  approximately  one- fourth  (he  amplitude  of  that 
at  the  IGV  wake  passing  frequency. 

The  resulting  first  harmonic,  complex,  unsteady  pressure 
data  on  the  pressure  and  suction  surfaces  of  the  first-stage 
rotor-blade  row  generated  by  the  propagating  acoustic  wave  at 
three  steady  loading  levels  are  shown  in  Figs.  14  and  IS.  The 
steady  loading  has  minimal  effea  on  the  unsteady  pressure 
magnitude  data  on  either  blade  surface  with  both  surfaces 
showing  nearly  identical  constant  magnitude  vs  chord  distribu¬ 
tion  for  all  three  steady  loading  levels.  The  phase  data  chord- 
wise  trends  are  also  unaffected  by  steady  loading,  but  the  data 
increase  in  level  slightly  with  increased  loading.  A  wave  speed 
of  approximately  320  m/s  on  each  surface  of  the  rotor  blade 
is  calculated  from  the  linear,  constant  slope,  chordwise  distri¬ 
butions  of  these  phase  data.  This  corresponds  to  the  speed  of 
propagation  of  an  upstream  traveling  acoustic  wave.  i.e..  the 
speed  of  sound  minus  the  axial  velocity.  Since  the  unsteady 
pressure  magnitude  and  phase  chordwise  distributions  are 
nearly  identical  for  both  the  pressure  surface  and  suction  sur¬ 
face,  the  unsteady  pressure  difference  distribution  across  the 
blade  is  nearly  zero.  Therefore,  the  unsteady  lift  due  to  acous¬ 
tic  waves  is  also  nearly  zero. 


Snmmary  and  Conclusions 

The  effects  of  steady  aerodynamic  loading  on  the  first  har¬ 
monic  unsteady  gust  aerodynamics  of  a  first-stage  rotor  blade 
at  realistic  high  values  of  the  reduced  frequency  were  investi¬ 
gated  and  quantified.  This  was  accomplished  by  means  of  a 
series  of  experiments  performed  in  an  extensively  instrumented 
axial  flow  research  compressor  with  the  high-reduced  fre¬ 
quency  gusts  generated  by  the  wakes  from  the  IGV.  The  anal¬ 
ysis  of  these  rotor-blade  surface  steady  and  unsteady  data 
determined  the  following. 

1)  Steady  loading  affects  the  rotor-blade,  static  pressure 
distributions  on  the  front  portion  of  the  pressure  surface  and 
over  the  entire  suction  surface  with  no  steady  flow  separation 
indicated. 

2)  The  unsteady  pressure  response  on  the  blade  pressure 
surface,  i.e.,  the  low-camber  surface,  is  primarily  affected  by 
the  level  of  steady  loading  as  characterized  by  the  mean  flow 
incidence  angle  except  in  the  accelerating  mean  flowfield  of  the 
front  chord  region  at  negative  mean  flow  incidence. 

3)  The  unsteady  pressure  response  on  the  high-camber 
blade  suction  surface  is  affected  by  the  level  of  steady  loading, 
i.e.,  the  accelerating  mean  flowfield  in  the  front  half  of  the 
surface  and  the  large  viscous  regions  in  the  aft  half  of  the 
surface. 

4)  The  unsteady  pressure  difference  data  reflect  the  effects 
of  loading  on  the  pressure  and  suaion  surface  unsteady  data 
with  the  suction  surface  effects  being  dominant. 

5)  These  steady  loading  effects  cause  the  chordwise  distri¬ 
bution  of  the  magnitude  and  phase  data  to  differ  greatly  from 
the  flat  plate  cascade  predictions.  A  super-resonant  condition 
was  also  established  in  the  compressor,  accomplished  by  alter¬ 
ing  the  number  of  vanes  in  each  downstream  stator  row.  This 
resulted  in  a  relatively  large  amplitude  upstream  propagating 
acoustic  wave  generated  by  the  downstream  rotor-stator  row 
interaaions. 

6)  In  the  leading-edge  region  of  the  first-stage,  rotor-blade 
row  suction  surface,  the  acoustic  wave  has  an  amplitude  ap¬ 
proximately  one-fourth  that  of  the  first  harmonic  of  the  IGV 
wakes. 

7)  Loading  has  minimal  effect  on  the  resulting  rotor-blade 
surface  acoustic  wave  generated  unsteady  pressure  data  with 
the  only  effect  being  a  slight  phase  increase  with  increased 
steady  loading. 

8)  Since  the  unsteady  pressure  chordwise  magnitude  and 
phase  distributions  are  nearly  identical  for  both  the  pressure 


SEPT.-OCT.  1990 


PERIODIC  ROTOR-BLADE  AERODYNAMICS 


597 


and  suction  surfaces,  the  unsteady  pressure  difference  across 
the  blade  and,  thus,  unsteady  lift,  due  to  acoustic  waves  is 
nearly  zero. 
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A  wiiM  M  iinitiwti  Mt  to  lofutlgote  ao4  vnMtfy  ikc  tniy  mtnOjmmte  nifimi  of  ■■ 

■tiM  to  a  M|b  irJarrf  frt^oaocy  loit  laclB4lt  Ifct  cffccta  ofilie  itMt  feiciat  taaeOoo  mtntkem,  MM  laaJtaa. 
mi  *n*f  Sow  wpafadao.  TMi  ii  ■rcaaipllittJ  kjr  ariof  m  aaM  flew  wataitfc  rawpitwit  to  MacitaMotaly 
aie4«l  Ifet  Ugb  rt4oe*4  ftt^tocy  goM  fardog  fbKrtoa  ao4  itgtodH  laat  Mge  atator  row  whfc  iaolatt4 
ioatnaMoiaa  airfafla.  Apgrogriata  4ata  ara  cotTtUit4  wHk  gaailctlaaa  fioai  lat  piala  aod  raaifcmi  airMI 
cawrattaJ  gat  aM4alB.  Tba  aMM  aarfaea  ataady  loadtag  b  *awo  to  ka*a  a  larga  aCact  ao  Ifca  oaaiaady 
arrnJjaawlr  raagoaaa.  Aba,  iha  atao4y  flow  aayora^  haa  a  algolflcaBt  bflatacr  aw  flw  goat  raipaaai,  partfcalariy 
agabaaai  of  Iha  aagarallao  poiat  aa4  io  Iha  aMMI  baWag  r4gr  raglao. 


Noowaclatare 

C  »  airfoil  chord 

C,  -  steady  lift  coefficient  fo  (P,  -  P,)  d*/j  pU]C 
C,  « first  harmonic  unsteady  pressure  coefficient  dp/ 
pV^* 

Cf  -  static  pressure  coefficient  (/*  -  /’,^,)/5  pU] 
jT  wigust  propagation  direction  vector 
Jc,  « reduc^  frequency,  a»C/2f^x 

ki  w  transverse  gust  wave  number 

p  «  airfoil  surface  static  pressure 

Pnu  •  ewf  pressure 

<■  first  harmonic  uruteady  pressure  difference 
a*  w first  harmonic  chordwise  gust 
U,  w  rotor  blade  tip  speed 

S*  >  first  harmonic  transverse  gust 

y,  w  absolute  axial  velocity 

3o  s  angle  of  attack 

p  w  inlet  air  density 

IiitrodvctkM 

HE  unsteady  flow  past  a  stationary  airfoil  is  of  primary 
concern  in  many  imp\..iant  applications.  For  example, 
the  unsteady  interaction  of  an  airfoil  with  gusts  and  similar 
vortical  disturbances  plays  a  significant  role  in  the  aerody¬ 
namics,  dynamic  loading,  aeroelasticity,  and  acoustics  of 
modem  aircraft,  missiles,  helicopter  rotors,  advanced  turbo¬ 
props,  and  lurbomachines.  As  a  result,  the  interest  in  un¬ 
steady  flow  theory  initiated  by  Theodorsen,'  Kussner,^  and 
Sears’  has  continued  to  the  present. 

Theoretical  gust  models  have  typically  been  restricted  to 
thin-airfoil  theory,  with  the  unsteady  gust  disturbance  as¬ 
sumed  to  be  small  as  compared  to  the  mean  steady  potential 
flowiield.  However,  in  most  applications,  airfoils  with  arbi- 
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Irary  shape,  large  camber,  and  finite  angles  of  attack  are 
required.  In  an  attempt  to  meet  this  need,  Horlock*  and 
Naumann  and  Yeh’  developed  heuristic  second-order  analyses 
that  take  into  account  some  second-order  terms.  These  analy¬ 
ses  showed  that  the  unsteady  aerodynamic  forces  acting  on  an 
airfoil  were  affected  by  both  the  small  incidence  angle  and  the 
small  airfoil  camber.  However,  these  models  neglect  some 
second-order  terms  and  also  assume  a  small  angle  of  attack. 
Thus,  these  results  are  only  approximate  and  cannot  be 
extended  to  finite-incidence  angles  or  large  airfoil  camber. 

It  is  apparent  that  the  thin  airfoil  approach  is  not  adequate 
for  many  applications  of  interest.  In  this  regard,  Goldstein 
and  Atassi*  and  Atassi’  develop^  a  theory  for  the  inviscid 
incompressible  flow  past  an  airfoil  that  fully  accounts  for  the 
distortion  of  the  impinging  gust  by  the  mean  flow.  The  theory 
assumes  that  the  fluctuating  flow  velocity  is  small  compared 
to  the  mean  velocity,  with  the  unsteady  flow  linearized  about 
the  full  potential  steady  flow,  and  accounts  for  the  effects  of 
both  airfoil  profile  and  angle  of  attack. 

Experimental  investigations  have  typically  been  restricted  to 
low-reduced-frequency  aerodynamic  gusts.  In  part,  this  is  due 
to  the  difficulties  associated  with  generating  a  periodic  un¬ 
steady  gust,  with  low  reduced  frequency  gust  tunnels  having 
been  developed  by  Holmes.*  Satyanarayana,  Gostelow,  and 
Henderson,’  and  Ostdiek,*®  for  example.  Also  contributing  is 
the  difficulty  in  obtaining  and  analyzing  the  fundamental 
high-frequency  unsteady  data  that  define  both  the  aerody¬ 
namic  forcing  function  and  the  resulting  airfoil  surface  pres¬ 
sure  distributions.  The  acquisition  and  analysis  of  such 
high-frequency  data  have  only  recently  become  possible  with 
the  development  and  availability  of  miniature  high-response 
pressure  transducers,  digital  instrumentation,  and  computers 
for  both  control  of  instrumentation  and  digital  data  acquisi¬ 
tion  and  analysis. 

The  above  noted  experiments  and  analyses  are  all  con¬ 
cerned  with  attached  steady  flow.  Separated  flow  oscillating 
airfoil  phenomena,  including  stall  flutter  and  dynamic  stall, 
also  have  been  addressed.  Thus,  oscillating  airfoil  models  and 
experiments  have  considered  the  effects  of  steady  loading  and 
flow  separation,  for  example.  Refs.  11-17.  In  this  regard  it 
should  be  noted  that  only  minimal  attention  has  been  directed 
toward  the  effect  of  steady  loading  and  flow  separation  on  the 
unsteady  aerodynamic  response  of  an  airfoil  to  a  periodic 
gust. 

In  this  paper  the  effects  of  the  gust  waveform,  as  character¬ 
ized  by  the  chordwise  (parallel)  and  transverse  (normal)  gust 
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components  u  *  and  v  *  depicted  in  Fig.  I,  airfoil  loading,  and 
steady  flow  separation  on  the  unsteady  aerodynamic  response 
of  an  airfoil  are  experimentally  investigated  at  high  reduced 
frequency  values  for  the  first  time.  This  is  accomplished  by  I) 
using  an  axial  flow  research  compressor  to  experimentally 
model  the  high  reduced  frequency  aerodynamic  gust  forcing 
function,  2)  replacing  the  last  stage  stator  row  with  instru¬ 
mented  isolated  airfoils,  and  3)  developing  and  using  com¬ 
puter-based  time-variant  digital  data  acquisition  and  analysis 
techniques,  including  ensemble  averaging  and  Fast  Fourier 
Transforms  (FFT),  for  the  arulysis  of  the  periodic  data.  In 
particular,  high  reduced  frequency  aerodynamic  gusts  are 
generated  by  the  upstream  rotor  blade  wakes,  with  the  un¬ 
steady  aerodynamic  gust  response  determined  by  replacing  the 
downstream  stator  row  with  static  and  dynamically  instru¬ 
mented  isolated  airfoils.  Thus,  there  is  complete  experimental 
modeling  of  the  basic  unsteady  aerodynamic  phenomena  in¬ 
herent  in  this  high  reduced  frequetKy  unsteady  interaction 
including  angle-of-attack  effects,  the  velocity  and  pressure 
variations,  and  the  waveform  of  the  aerodynamic  forcing 
fuiKtion. 

Reaearch  Comprcarar 

The  Purdue  axial  flow  research  compressor  with  the  last 
stage  stator  row  replaced  by  an  isolate  airfoil  is  used  for 
these  experiments.  It  is  driven  by  a  IS  hP  dc  electric  motor 
over  a  speed  range  of  300-3000  rpm.  The  wakes  from  the 
upstream  rotor  blades  are  the  source  of  the  unsteady  surface 
pressures  on  the  downstream  isolated  airfoil,  i.e.,  the  rotor 
wakes  define  the  aerodynamic  forcing  fuiKtion  to  the  airfoil 
as  depicted  schematically  in  Fig.  I.  The  43  rotor  blades  and 
the  isolated  airfoil  are  free  vortex  design  airfoils  with  a  British 
C4  section  profile,  a  chord  of  30  mm.  and  a  maximum  thick- 
ness-to-chord  ratio  of  0.10. 

The  variations  in  the  airfoil  steady  loading  are  accom¬ 
plished  by  compressor  throttling  and  adjusting  the  setting 
angles  of  the  instrumented  airfoils,  thereby  altering  the  airfoil 
angle  of  attack.  The  detailed  steady  aerodynamic  loading  of 
the  instrumented  airfoils  is  specified  by  the  chordwise  distribu¬ 
tion  of  the  airfoil  surface  steady  static  pressure  coefficient  with 
the  overall  loading  level  given  by  the  angle  of  attack  and  the 
steady  lil\  coefficient. 

The  waveform  of  the  aerodynamic  forcing  function  is 
defined  by  the  first  harmonic  chordwise  and  transverse  gust 
components  u*  and  v*,  respectively.  The  forcing  futKtion 
waveform  variations  to  the  instrumented  last  stage  airfoils  are 
accomplished  by  independently  circumferentially  indexing  the 
upstream  compressor  vane  rows  relative  to  one  another  while 
maintaining  a  constant  instrumented  airfoil  steady  loading 
distribution. 


iBstrwcBtatWMi 

Both  steady  and  unsteady  data  are  required.  The  steady 
data  define  the  detailed  aiHbil  surface  aerodynamic  loading. 
The  unsteady  data  quantify  the  time-variant  aerodynamic 
forcing  fuiKtion  to  the  isolated  airfoil,  i.e..  the  airfoil  unsteady 
inlet  flowfield  and  the  resulting  chordwise  distribution  of  the 
time-variant  pressures  on  the  surfaces  of  the  downstream 
airfoil.  Flow  visualization  studies  showed  the  flow  to  be 
two-dimensional  on  the  midspan  streamline.  Thus,  midspan 
chordwise  distributions  of  airfoil  surface  static  and  dynamic 
instrumentation  are  used. 

The  unsteady  aerodynamic  forcing  function  to  the  airfoil, 
the  time-variant  inlet  flowfield,  is  measured  with  a  cross 
hot-wire  probe.  The  airfoil  mean  absolute  inlet  flow  angle  is 
determine  by  rotating  the  cross-wire  probe  until  a  zero 
voltage  differeiKe  is  obtained  between  the  two  hot-wire  sig¬ 
nals.  This  mean  angle  is  subsequently  used  as  a  reference  to 
calculate  the  airfoil  angle  of  attack  and  the  instantaneous 
absolute  and  relative  flow  angles. 

The  airfoil  surface  time-variant  pressure  measurements  are 
accomplished  with  flush-mounted  ultraminiature  high-re¬ 
sponse  transducers.  To  minimize  potential  flow  disturbances 
due  to  the  transducer  mounting  or  the  inability  of  the  trans¬ 
ducer  diaphragm  to  exactly  maintain  the  surface  curvature  of 
the  airfoil,  a  reverse  mounting  technique  is  used.  The  pressure 
surface  of  one  airfoil  and  the  suction  surface  of  a  second  are 
instrumented,  with  the  transducers  embedded  in  the  non- 
measurement  surface  and  connected  to  the  measurement  sur¬ 
face  by  a  static  tap. 

To  assure  the  accuracy  of  the  experiments  and  to  minimize 
the  number  of  stator  row  reconfigurations  needed  to  obtain 
the  isolated  airfoil  steady  and  unsteady  data  of  interest,  the 
complete  last  stage  compressor  stator  row  was  replaced  with  a 
stator  row  comprised  of  only  two  airfoils,  these  being  either 
the  statically  instrumented  airfoils  or  the  dynamically  instru¬ 
mented  airfoils.  This  corresponds  to  a  vane  row  with  a 
solidity  (chord/spacing)  of  less  than  0.10,  which  resulu  in  a 
spacing  between  the  instrumented  vanes  large  enough  so  that 
the  influence  of  the  neighboring  vanes  is  iKgligible,  i.e.,  each 
vane  is  essentially  an  isolated  airfoil.  For  example,  the  com¬ 
plex  unsteady  liR  predicted  by  inviscid,  incompressible  trans¬ 
verse  gust  flat  plate  models  at  a  reduced  frequency  of  5.0  are 
(  —0.0812,  —0.1596)  for  an  isolated  airfoil  and  (  —0.0809, 
—  0.1575)  for  a  cascade  with  solidity  of  0.1. 

Data  Aeqaisttion  aad  Analysis 

The  steady-state  pressure  data  are  acquired  with  a  48-chan¬ 
nel  Scanivalve  system.  Under  computer  control,  the  Scani- 
valve  is  calibrated  each  time  data  are  acquired,  with 
compensation  automatically  made  for  variations  in  the  zero 
and  span  output.  As  part  of  the  steady-state  data  acquisition 
and  analysis  process,  a  root  mean  square  error  analysis  is 
performed.  The  steady  data  are  defined  as  the  mean  of  30 
samples,  with  the  95*/«  confidence  intervals  determined. 

The  time-variant  data  from  the  hot-wire  probe  and  the 
dynamic  pressure  transducers  are  obtained  under  computer 
control  by  first  conditioning  their  signals  and  then  digitizing 
them  with  a  high-speed  A-D  system.  This  eight-channel  sys¬ 
tem  is  able  to  digitize  signals  simultaneously  at  rates  to 
5  MHz  per  chantKl,  storing  2048  points  per  channel.  In 
addition,  after  conditioning  the  time-variant  hot-wire  and 
pressure  transducer  signals  are  monitored  by  a  dynamic  signal 
processor  that  can  digitize,  average,  and  Fourier  decompose 
unsteady  analog  signals. 

The  time-variant  data  of  interest  are  periodic,  being  gener¬ 
ated  at  rotor  blade  passing  frequetKy,  with  a  digital  ensemble 
averaging  technique  used  for  data  analysis.  As  will  be  dis¬ 
cussed.  the  key  to  this  technique  is  the  ability  to  sample  data 
at  a  preset  time.  This  is  accomplished  by  means  of  an  optical 
encoder  mounted  on  the  rotor  shaft.  IYk  microsecond-range 
square  wave  voltage  signal  from  the  encoder  is  the  time  or 
data  initiation  reference  that  triggers  the  high-speed  A-D 
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syMn.  Tkt  liiM>v»riaat  itgnal  ■■  sunpM  and  digittzed  over 
a  tinw  fiMw  that  »  greater  than  the  periodic  signal  compo¬ 
nent  characteristic  time.  With  the  same  initiation  refetenoe, 
i.e.,  the  signal  from  the  rotor-shaA-movnted  optical  encoder, 
a  series  of  corresponding  digitized  signals  is  generated  by 
repeating  this  signal  samj^ng  and  digitization  process.  The 
time-variant  signal  ememMe  average  is  then  determined  by 
averaging  this  series  of  digitti  data  samples. 

At  each  steady-state  operating  point,  an  averaged  time-vari¬ 
ant  data  set  is  obtained  that  consists  of  the  hot-wire  and  the 
airfoil-mounted  transducer  signals  digitized  at  a  rate  of 
200  kHz  and  ensemUe-averag^  over  200  rotor  revolutions. 
This  sample  rate  allows  approximately  91  points  between  each 
rotor  Ma^  at  the  design  compressor  routional  speed.  These 
rotor  revolutions  are  not  consecutive  due  to  the  finite  time 
requited  for  the  A-D  multiplexer  system  to  sample  the  data 
and  the  computer  to  then  read  the  digitized  data.  Each  of 
these  digitized  signals  is  Fourier  decomposed  into  harmonics 
by  meam  of  a  Fast  Fourier  Transform  algorithm. 

The  first  harmonic  magnitude  and  pluue  angle  referenced  to 
the  data  initiation  pulse  are  determined  from  the  Fourier 
analysis  of  the  data.  To  then  relate  the  rotor-wake-generated 
velocity  profiles  with  the  first  harmonic  surface  dynamic 
pressures  on  the  instrumented  downstream  airfoil,  the  rotor 
exit  velocity  triangles  are  examined.  The  change  in  the  rotor 
relative  exit  velocity  that  occurs  as  a  result  of  the  wake  from 
a  rotor  Made  is  seen  in  Fig.  I.  This  velocity  deficit  creates  a 
change  in  the  absolute  velocity  vector,  which  is  measured  with 
the  cross-wire  probe.  From  this  instantaneous  absolute  flow 
angle  and  velocity,  the  rotor  exit  relative  flow  angle  and 
velocity  and  the  amplitude  and  phase  of  the  perturbation 
quantities  are  determined.  The  normal  v*  and  parallel 
perturbation  velocities  are  determined  from  the  following 
relationships: 

cos(«- «.«„),  P  I',  sin(«  - 

(I) 

where  is  the  mean  flow  velocity,  F,  the  wake  velocity, 
a  the  wake  absolute  Row  angle,  and  Omm  the  mean  absolute 
flow  angle. 

The  hot-wire  probe  is  positioned  upstream  of  the  leading 
edge  of  the  instrumented  airfoil.  To  relate  time-based  events 
as  measured  by  this  hot-wire  probe  to  the  unsteady  pressures 
on  the  airfoil  surfaces,  the  following  assumptions  are  made:  I) 
the  wakes  are  identical  at  the  hot-wire  and  the  instrumented 
airfoil  leading-edge  plane,  and  2)  the  wakes  are  fixed  in  the 
relative  frame.  At  a  steady  operating  point,  the  hot-wire  data 
are  analyzed  to  determine  the  absolute  flow  angle  and  the 
rotor  exit  relative  flow  angle.  Using  the  above  two  assump¬ 
tions.  the  wake  is  located  relative  to  the  hot-wire  and  the 
leading  edges  of  the  instrumented  airfoil  suction  and  pressure 
surfaces.  From  this,  the  times  at  which  the  wakes  are  present 
at  various  locations  are  determined.  The  incremental  times 
between  occurrences  at  the  hot-wire  and  the  instrumented 
airfoil  leading-edge  plane  are  then  related  to  phase  differences 
between  perturbation  vdocities  and  the  airfoil  surface. 

The  final  form  of  the  unsteady  presmre  data  defines  the 
chordwise  variation  of  the  first  harmonic  pressure  difference 
across  the  chord-line  of  a  stator  vane  and  is  presented  as  a 
nondimenskmal  complex  unsteady  pressure  difference  across 
the  airfoil  chord  in  the  format  of  the  magnitude  and  the  phase 
lag  referenced  to  a  transverse  gust  at  the  airfoil  leading  edge. 

pretfeted  Gnat  Response 

An  unsteady  aerodynamic  gust  response  model  that  consid¬ 
ers  steady  aerodynamic  loading  is  needed  to  provide  a  base¬ 
line  for  accurate  interpretation  of  the  unsteady  data.  This  is 
accomplished  using  the  complete  first-order  model,  i.e..  the 
thin  airfoil  approximation  is  not  used,  and  locally  analytical 


solution  developed  by  Chiang  and  Fleeter.'*  This  model  con¬ 
siders  the  flow  of  a  two-dimenskmal  unsteady  aerodynamic 
gust  convected  with  the  mean  flow  past  a  thick,  cambered 
airfoil  at  finite  angle  of  attack  Og  as  schematically  depicted  in 
Fig.  2.  The  periodic  gust  amplitude  and  harmonic  frequency 
are  denoted  by  /i  and  &>.  respectively.  The  two-dimensional 
gust  propagates  in  the  direction  JT  ^kii  +  k^J,  where  k,  is 
the  r^u^  frequency,  and  kj  is  the  transverse  gust  wave 
number,  i.e.,  the  transverse  component  of  the  gust  propaga¬ 
tion  direction  vector. 

The  unsteady  flowfield  is  considered  to  be  rotational  and  is 
linearized  about  the  full  steady  potential  flow  past  the  airfoil. 
Thus,  the  effects  of  airfoil  thickness  and  camber  as  well  as 
mean  flow  angle  of  attack  are  completely  accounted  for 
through  the  mean  potential  flowfield.  The  steady  potential 
flowfield  is  independent  of  the  unsteady  flowfield.  However, 
the  strong  dependence  of  the  unsteady  aerodynamics  on  the 
steady  effects  of  airfoil  geometry  and  angle  of  attack  are 
manifested  in  the  coupling  of  the  unsteady  and  steady  flowfi- 
elds  through  the  unsteady  boundary  conditions. 

A  locally  analytical  solution  is  then  developed.  In  this 
method,  the  discrete  algebraic  equations  that  represent  the 
flowfield  equations  are  obtained  from  analytical  solutions  in 
individual  grid  elements.  A  body-fitted  computational  grid  is 
used.  General  analytical  solutions  to  the  transformed  Laplace 
equation  are  developed  by  applying  these  solutions  to  individ¬ 
ual  grid  elements,  i.e.,  the  integration  and  separation  con¬ 
stants  are  determined  from  the  boundary  conditions  in  each 
grid  element.  The  complete  flowfield  is  then  obtained  by 
assemMing  these  locally  analytical  solutions. 

RcsoHs 

Nowwyaratm  Flew 

A  low  steady  aerodynamic  loading  condition  is  estaMished 
by  setting  the  airfoil  at  an  angle  of  attack  of  0.1  deg.  The  data 
defining  the  airfoil  surface  stetk  pressure  distributions  are 
presented  in  Fig.  3.  There  is  a  smooth  chordsvise  pressure 
variation  on  each  airfoil  surface,  with  no  indication  of  flow 
separation.  Also,  there  is  generally  good  correlation  betsveen 
the  data  and  the  inviscid  Chiang-Fleeter  cambered  airfoil 
steady  flow  prediction,  with  the  exception  of  the  airfoil  lead¬ 
ing-edge  region. 

The  aerodynamic  gust  waveform  is  characterized  by  the 
ratio  of  the  first  harmonic  chordwise-to-normal  gust  compo¬ 
nents  {A  *16*).  The  effect  of  the  gust  waveform  on  the 
unsteady  aerodynamic  response  of  the  airfoil  is  considered  by 
estaMishing  compressor  configurations  such  that  the  airfoil 
angle  of  attack  and  steady  surface  static  pressure  distributions 
are  maintained  per  Fig.  3,  but  with  the  gust  component  ratio 
taking  on  values  of  0.19.  0.3S.  and  0.33  (Fig.  4). 

The  effect  of  the  aerodynamic  gust  waveform  on  the  result¬ 
ing  unsteady  pressure  difference  data  is  shown  in  Fig.  5.  The 
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profile  of  the  airfoil  and,  thus,  the  surface  steady  loading 
distribution  have  a  significant  effect  on  the  unsteady  aerody¬ 
namic  gust  response.  In  particular,  the  chordwise  variation  of 
both  the  magnitude  and  the  phase  of  the  unsteady  pressure 
difference  generaOy  exhibit  much  better  correlation  with  the 
cambered  airfoil  predictions  than  with  those  from  the  flat 
plate  model.  The  magnitude  data  exhibit  good  trendwise 
agreement  with  the  cambered  airfoil  prediction,  with  this 
model  typically  overprcdictinf  the  magnitude  of  the  pressure 
difference  on  the  front  30%  of  the  airfoil  chord.  This  is  due  to 
the  strong  coupling  of  the  unsteady  prediction  on  an  accurate 
representation  of  the  steady  flowfieM.  As  previously  noted. 


the  steady  flow  p^ktion  did  not  exhibit  good  correlation 
with  the  steady  airfoil  surface  sutk  pressure  dau  over  the 
front  part  of  the  airfoil.  Hence,  the  poor  unsteady  data-pre- 
diction  correlation  in  this  region.  Also,  the  ratio  of  the  first 
harmonic  gust  components  («*/«♦)  has  an  effect  on  both  the 
magnitude  and  phase  of  the  unsteady  pressure  difference, 
although  the  general  chordwise  variation  of  these  dau  is  not 
affected. 


%  AIRFOIL  CHORD 


Fig.  S  EITcct  of  goM  wavcfana  oa  — tii4y  aMM  swface  piiimi 
RIftrtace  at  law  laaRag. 


I  LAiL,  1  Utv,  AiHU 


AlAA  JOUKMAl. 


To  invcMipls  tke  effect  of  steady  airfoil  kwdiBg  on  the 
Mtodyaamic  gust  teepooee.  the  airfoil  an^  of  attack  was 
iacreaaed  to  7.6  deg.  The  static  presaure  dntribations  on  the 
airfod  suction  and  pressure  surfaces  together  with  the  steady 
Chiang-Fleeter  predictions  are  shown  in  Fig.  6.  Relatively 
good  correlalion  is  obtained,  although  not  quite  as  good  ss  at 
the  lower  angle  of  attack.  Again,  the  correlation  between  the 
data  and  the  predictions  is  not  very  good  in  the  leading-edge 
region  of  the  airfoil. 

The  resulting  unsteady  aerodynamic  gust  response  of  the 
airfoil  together  with  the  flat  plate  and  cambered  airfoil  predic¬ 
tions  for  a  gust  first-harmonic-component  ratio  of  0.22  ate 
shown  in  Fig.  7.  It  should  be  noted  that  the  reduced  frequency 
k,  for  these  intermediate  angle-of-attack  data  is  increamd  as 
compared  to  the  previously  presented  tow-angk-of-attack 
data.  This  is  associated  with  the  use  of  a  low-speed  research 
compressor  to  generate  the  aerodyiuunk  gust  forcing  func¬ 
tion.  Again,  the  correlation  of  them  compini  unsteady  pres¬ 
sure  data  with  the  cambered  airfoil  predictions  is  much  better 
than  with  the  flat  plate  model.  In  particular,  the  chordwise 
variatioiu  of  both  the  magnitude  and  phase  of  the  unsteady 
pressure-diflerence  data  exhibit  good  trendwise  agreement 
with  the  cambered  airfoil  predictions.  However,  the  phase 
correlation  is  not  quite  as  g^  as  at  the  lower  loading  levd, 
with  the  magnitude  data  now  overpredkted  on  the  front  half 
of  the  airfoil.  This  is  again  associated  with  the  poor  correla¬ 
tion  between  the  steady  surface  pressure  data  and  the  model 
over  the  front  p^  of  the  airfoil  and  the  dependence  of  the 
unsteady  predictions  on  the  steady  flow-field. 

Figure  8  shows  the  correlation  between  the  unsteady  ptes- 
sure-diflerence  data  and  the  corresporuling  predictions  for  I) 
the  Sears  flat  plate  airfoil  convected  gust  atulysis,  2)  the 
cambered  airfoil  convected  gust  model  developed  by  Chiang 
and  Fleeter,  arul  3)  the  cambered  airfoil  interaction  gust 
model  of  Atassi.  The  magnitude  data  exhibit  relatively  good 
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correlation  with  all  three  predictions,  with  consideration  of 
the  airfoil  profile  and  steady  loading  resulting  in  the  best 
correlation  regardless  of  whether  the  gust  is  considered  to  be 
convected  with  the  mean  flow  or  not.  The  phase  data  correlate 
well  with  the  cambered  airfoil  predictioiu  and  not  the  flat 
plate  one.  with  the  best  correlation  obtained  with  the  con¬ 
vected  gust  cambered  airfoil  prediction.  This  is  due  to  the 
coupling  between  the  unsteady  airfoil  aerodynamics  and  the 
steady  flowfield. 

ScfaraSid  Ftow 

Steady  flow  separation  at  approximately  35%  of  the  airfoil 
suction  surface  was  esubKshed  by  increasing  the  angle  of 
attack  to  14  deg.  (Fig.  9).  The  effects  of  this  flow  separation 
on  the  unsteady  aerodynamic  gust  response  are  investigated 
by  comparing  the  resulting  separated  flow  gust  data  with 
corresponding  data  obtained  at  the  previous  intermediate 
airfoil  angle  of  attack  of  7.6  deg.  whm  the  steady  lift  co¬ 
efficient  is  nearly  the  same,  but  the  steady  flow  is  not  sepa¬ 
rated.  Also,  both  the  parallel  and  normal  gust  components  ate 
maintained  to  be  nea^  identical  for  these  two  configurations 
(Fig.  10)  with  the  ratio  of  the  first-harmonic  gust  components 
being  0.218. 

The  resulting  first-harmonic  unsteady  pressure  diflerence 
data  are  presented  in  Fig.  II.  Also  shown  is  the  nonseparated 
flat  plate  prediction  of  Sears.  The  cambered  airfoil  prediction 
is  not  presented  because  of  the  strong  dependence  of  the 
cambered  airfoil  predictions  on  the  steady  flowfield  and  the 
inappropriateness  of  the  inviscid  steady  model  for  separated 
flow.  The  magnitude  data  for  the  separated  flow  case  show 
somewhat  different  trends  than  that  for  the  nonseparated  flow 
in  the  leading-  and  trailing-edge  regiotu  of  the  airfoil.  For  the 
separated  flow  configuration,  the  magnitude  data  are  nearly 
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constant  over  the  front  IS*/«  of  the  airfoil,  whereas  the 
nonseparated  data  and  the  prediction  indicate  a  decreasing 
amplitude.  AA  of  15%  chord,  the  magnitude  data  show 
analogous  trends,  with  both  the  separated  and  nonseparated 
data  decreasing  srith  increasing  chordwise  position  and  attain¬ 
ing  a  minimum  pressure  amplitude  value  at  30*/«  chord, 
similar  to  the  previous  results.  The  magnitude  data  for  both 
cases  then  gradually  increase  to  values  that  are  greater  than 
the  prediction  near  midchord,  with  the  nonseparated  data 
being  lower  in  amplitude  up  to  this  point  due  to  the  larger 
steady  surface  pressure  diRerences  between  the  suction  and 
pressure  surfaces.  Both  data  sets  then  decrease  with  increasing 
chordwise  position,  with  the  separated  data  decreased  in 
amplitude  relative  to  the  prediction  and  the  nonseparated 
data.  This  is  a  result  of  the  increased  steady  loading  due  to  the 
separation  in  this  region. 


The  phase  data  for  the  separated  flow  configuration  have 
different  trends  than  the  nonseparated  daU  and  the  flat  plate 
prediction  near  the  separation  point  and  in  the  airfoil  trailing- 
edge  region.  Over  the  front  20%  of  the  airfoil,  the  data  and 
the  prediction  show  analogous  trends  of  being  nearly  con¬ 
stant,  with  the  separated  data  increased  relative  to  the  predic¬ 
tion  and  the  nonseparated  dau.  AA  of  20%  chord,  the 
separated  phase  dau  increase,  whereas  the  nonseparated  dau 
decrease  relative  to  the  prediction.  In  the  separated  flow 
region,  both  the  separated  and  nonseparated  data  show  simi¬ 
lar  trends.  However,  at  70%  chord  the  separated  phase  dau 
jump  to  values  larger  than  the  prediction  and  increase  with 
further  chordwise  position.  On  the  '••l.cr  hand,  the  phase  data 
for  the  nonseparated  case  show  a  gradual  increase.  Thus, 
separation  affects  both  the  magnitude  and  phase  of  the  dy¬ 
namic  pressure  difference  data,  with  the  primary  effect  being 
on  the  phase. 

To  further  investigate  these  separation  effects,  individual 
suction  surface  time-variant  pressure  signals  and  their  Fourier 
decompositions  are  conside^.  Figure  12  presents  a  typical 
unsteady  pressure  signal  upstream  of  the  separation  point  and 
the  unsteady  pressure  signal  at  the  same  chordwise  location 
for  a  configuration  where  the  flow  is  not  separated.  It  is  clear 
that  the  downstream  separation  point  affects  both  the  ampli¬ 
tude  and  waveform  of  the  unsteady  pressure.  This  becomes 
more  apparent  in  the  spectrums  of  these  nonseparated  and 
separated  unsteady  pressures.  The  separated  flow  unsteady 
pressure  has  a  much  broader  spectrum  than  the  nonseparated 
one.  This  pressure  field  distortion  is  most  probably  due  to  the 
oscillation  of  the  separation  point  generated  by  the  periodic 
aerodynamic  gusts.  This  would  occur  at  the  same  frequency  as 
the  forcing  function  but  would  be  out  of  phase  with  it. 

A  completely  different  trend  is  found  within  the  separated 
flow  region.  Figure  13  presents  the  unsteady  pressure  signals 
for  the  separated  and  nonseparated  flow  cases  for  the  same 
chordwise  position  and  their  resulting  Fourier  decomposition. 
There  is  little  difletenoe  between  the  separated  and  nonsepa¬ 
rated  unsteady  pressures.  However,  the  nonseparated  un¬ 
steady  pressure  has  slightly  more  distortion,  which  results  in 
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Ite  higher*onier  hannonics  of  the  Fourier  spectnim.  This 
(hsiOftioB  is  due  to  the  steady  flow  turning  and  the  aerody* 
namk  loading  of  the  airfoil.  Within  the  separation  zone  where 
there  is  a  constant  steady  static  surface  pressure,  the  pressure 
fluctuations  generated  by  the  separatk>n>point  oscillation  are 
negligible,  in  contrast  to  the  eflc^  upstream  of  the  separation 
point.  Such  a  phenomenon  also  was  noted  by  Maybey.'*  The 
efltect  of  the  separation-point  oscillation  is  probably  damped 
out  by  the  mass  of  recirculating  fluid  within  the  separated 
flow  region.  Thus,  the  unsteady  pressure  within  the  separation 
zone  is  primarily  responding  to  the  aerodynamic  forcing 
function. 

The  influence  of  the  aerodynamic  gust  forcing  function  on 
the  airfoil  unsteady  aerodynamics  when  the  steady  flow  is 
separated  is  considered  by  establishing  an  additional  airfoil 
configuration  where  the  steady  loading  is  nearly  the  same, 
having  an  angle  of  attack  on  the  order  of  14.0  deg.,  but  the 
ratios  of  the  gust  components  are  different.  The  airfoil  steady 
surface  static  pressure  distributions  for  these  two  configura¬ 
tions  are  shown  in  Fig.  14.  The  airfoil  pressure  and  suction 
surfaces  have  nearly  identical  distributions,  with  a  fully  sepa¬ 
rated  flow  starting  at  approximately  3SV*  of  the  chord.  Fig. 
IS  shows  the  areodynamic  forcing  funaion  to  the  airfoil.  The 
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first-harmonic  ratios  of  the  gtist  components  (u  *fv*)  are 
0.218  and  0.186.  with  both  the  normal  v*  and  the  parallri  «’■ 
gust  components  having  different  values. 

The  first-harmonic  unsteady  pressure  diflerence  data  for 
these  two  configurations,  with  the  nonseparated  flat  plate 
prediction  as  a  reference,  are  presented  in  Fig.  16.  The 
magnitude  data  indicate  analogous  trends  over  the  entire 
airfoil  chord,  with  the  0.186  data  being  decreased  in 

value  relative  to  both  the  prediction  and  the  0.218  (u*/i?*) 
data.  In  the  trailing-edge  region,  the  data  correlate  well  with 
each  other  and  ate  decreased  relative  to  the  prediction  due  to 
the  high  steady  loading  in  this  region.  The  phase  data  show 
different  trends  than  the  previous  high-loading  cases  and  with 
each  other  near  the  separation  point  and  the  trailing  edge. 
Over  the  front  25V.  of  the  chord,  the  phase  data  show  the 
same  trends,  with  the  0.186  (ii*/r*)  data  being  in  closer 
agreement  with  the  prediction.  At  30%  chord,  the  0.218 
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(u*/C*)  data  increase  in  phase,  whereas  the  0.186  (u*lv*) 
data  continue  to  show  good  trendwise  correlation  with  the 
prediction.  From  40%  to  60%  chord,  the  phase  data  correlate 
with  each  other  but  are  decreased  in  value  with  respect  to  the 
prediction.  Aft  of  60%  chord,  the  0.218  {u^l6*)  phase  data 
are  increased  relative  to  the  prediction  and  increase  with 
increasing  chord.  However,  the  phase  data  for  0.186  (u*  /v  *) 
first  increase  in  phase  and  then  indicate  a  slight  decrease  with 
increasing  chordwise  position. 

Summary  and  Conclusions 

A  series  of  experiments  have  been  performed  to  investigate 
and  quantify  the  unsteady  aerodynamic  response  of  an  airfoil 
to  a  high  reduced  frequency  gust,  including  the  effects  of  the 
gust-forcing-function  waveform,  airfoil  steady  loading,  and 
steady  flow  separation.  This  was  accomplished  by  using  an 
axial  flow  research  compressor  to  experimentally  model  the 
high  .-educed  frequency  gust-forcing  function,  with  the  last 
stage  stator  vane  row  replaced  with  isolated  instrumented 
airfoils.  Appropriate  data  were  correlated  with  predictions 
from  flat  plate  and  cambered  airfoil  gust  models. 

At  low  and  intermediate  airfoil  angles  of  attack  with  the 
steady  flow  not  separated,  the  profile  of  the  airfoil  and,  thus, 
the  surface  steady  loading  distribution  were  shown  to  have  a 
significant  effect  on  the  unsteady  aerodynamic  gust  response 
of  the  airfoil.  Also,  the  ratio  of  the  first  harmonic  gust 
components  affects  both  the  magnitude  and  phase  of  the 
unsteady  pressure  difference,  although  the  general  chordwise 
variation  of  these  data  was  not  affected.  In  addition,  the 
magnitude  data  exhibit  relatively  good  correlation  with  all 
three  predictions,  with  consideration  of  the  airfoil  profile  and 
steady  loading  resulting  in  the  best  correlation  regardless  of 
whether  the  gust  is  considered  to  be  convected  with  the  mean 
flow  or  not.  The  phase  data  correlate  well  with  the  cambered 
airfoil  predictions  and  not  the  flat  plate  one,  with  the  best 
correlation  obtained  with  the  convected  gust  cambered  airfoil 
prediction.  This  is  due  to  the  coupling  between  the  unsteady 
airfoil  aerodynamics  and  the  steady  flowfield. 

The  steady  flow  separation  was  shown  to  have  a  significant 
influence  on  the  unsteady  aerodynamics  on  the  airfoil  surface 


upstream  of  the  separation  point  and  also  in  the  traiiing-edge 
region.  Also,  the  separation  affects  both  the  magnitude  and 
the  phase  of  the  unsteady  pressure  difference  data,  with  the 
primary  effect  being  on  the  phase.  Consideration  of  the 
individual  suction  surface  unsteady  pressure  signals  revealed 
that  1)  separation  affects  the  magnitude,  waveform,  and  spec¬ 
trum  of  the  unsteady  pressure  upstream  of  the  separation 
point,  possibly  a  result  of  an  oscillation  of  the  separation 
point  due  to  the  harmonic  gust,  2)  the  pressure  signals  in  the 
separated  flow  region  and  the  corresponding  signals  with  the 
flow  not  separated  exhibit  only  small  differences,  and  3)  there 
is  a  constant  steady  static  surface  pressure  in  the  separated 
flow  region. 
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A  series  of  experiments  are  performed  in  an  extensively  instrumented  axial  flow 
research  compressor  to  investigate  the  effects  of  different  low  reduced  frequency 
aerodynamic  forcing  functions  and  steady  loading  level  on  the  gust- generated  un¬ 
steady  aerodynamics  of  a  first-stage  rotor  blade  row.  Two  different  two-per-rev 
forcing  functions  are  considered:  (/)  the  velocity  deficit  from  two  90  deg  circum¬ 
ferential  inlet  flow  distortions,  and  (2)  the  wakes  from  two  upstream  obstructions, 
which  are  characteristic  of  airfoil  or  probe  excitations.  The  data  show  that  the  wake¬ 
generated  rotor  row  first  harmonic  response  is  much  greater  than  that  generated  by 
the  inlet  distortion,  with  the  difference  decreasing  with  increased  steady  loading. 


introduction 

Periodic  aerodynamic  exdtations  generate  unsteady  aero¬ 
dynamic  forces  and  moments  on  turbomachinery  blading.  At 
the  resonance  conditions  where  the  aerodynamic  excitation 
frequency  matches  a  blade  natural  frequency,  catastrophic  vi¬ 
brational  responses  of  the  blading  may  occur.  In  the  design 
process,  Campbell  diagrams  are  utilized  to  predict  the  occur¬ 
rence  of  the  resonant  conditions  in  the  operating  range  of  the 
engine.  Unfortunately,  accurate  predictions  of  the  amplitude 
of  the  blade  vibration  at  these  resonances  cannot  currently  be 
made  due  to  the  inability  of  mathematical  models  to  predict 
the  unsteady  aerodynamics  accurately,  i.e.,  the  aerodynamic 
forcing  function  to  the  blade  row  and  the  resulting  unsteady 
aerodynamics  acting  on  the  blading.  As  a  result,  empirical 
correlations  are  currently  used  to  indicate  the  blade  row  re¬ 
sponse  to  the  various  excitations  with  varying  degrees  of  suc¬ 
cess.  However,  the  applicability  of  these  correlations  to 
advanced  blade  designs  has  been  in  question  for  some  time; 
see  for  example  Mikolajczak  et  al.  (1973). 

Nonuniform  inlet  (low  to  a  rotor  represents  the  most  com¬ 
mon  aerodynamic  excitation  source  for  aerodynamically  forced 
vibrations.  These  nonuniformities  are  broadly  categorized  as 
wake  excitations  or  inlet  distortions,  with  two-per-rev  sche¬ 
matic  depictions  of  each  shown  in  Fig.  I .  They  are  generated 
by  a  variety  of  sources  including  support  struts,  inlet  guide 
vanes,  stator  vanes,  engine  inlet  designs,  and  aircraft  maneu¬ 
vers.  In  addition  to  the  degradation  in  performance  associated 
with  the  various  nonuniform  inlet  flows,  they  can  also  result 
in  detrimental  aeromechanical  effects.  Namely,  the  distortion 
and  wakes  both  represent  unsteady  aerodynamic  forcing  func¬ 
tions  to  downstream  rotor  blade  rows,  thereby  resulting  in  the 
possibility  of  aerodynamically  induced  blade  vibrations.  This 
mpacts  the  fatigue  life  of  the  blading  and,  thus,  has  an  adverse 
effect  on  overall  engine  durability. 

Distortions  and  wakes  are  both  high  energy  aerodynamic 
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forcing  functions  characterized  by  low  to  moderate  values  of 
the  reduced  frequency.  On  a  first  principles  basis,  they  are 
analyzed  by  first  defining  the  unsteady  aerodynamic  forcing 
function  in  terms  of  harmonics.  The  periodic  response  of  an 
airfoil  row  to  each  harmonic  is  then  assumed  to  be  comprised 
of  two  components.  One  is  due  to  the  harmonic  components 
of  the  unsteady  aerodynamic  forcing  function  being  swept  past 
the  nonresponding  airfoil  row,  termed  the  streamwise  and 
transverse  gust  responses.  The  second,  the  self-induced  un¬ 
steady  aerodynamics,  arises  when  a  vibrational  response  of  the 
airfoil  row  is  generated. 

Current  state-of-the-art  unsteady  aerodynamic  models  for 
the  prediction  of  forced  response  do  not  consider  differences 
in  the  various  types  of  aerodynamic  forcing  functions,  i.e., 
distortion  or  wake-generated  aerodynamic  response.  Also,  the 
gust  and  motion-induced  unsteady  aerodynamic  models  in¬ 
volve  many  physical  and  numerical  assumptions.  Therefore, 
experimental  modeling  of  the  fundamental  distortion  and  wake¬ 
generated  blade  row  periodic  unsteady  aerodynamic  response. 
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including  both  the  forcing  function  and  the  resulting  blade 
row  unsteady  aerodynamics,  is  needed  for  validation  and  en¬ 
hancement  of  theoretical  and  numerical  models. 

Unsteady  aerodynamic  gust  experiments  of  direct  interest  to 
turbomachines  have  been  performed  in  low-speed  research 
compressors.  Utilizing  the  stationary  vane  rows  of  both  single 
and  multistage  compressors,  with  the  aerodynamic  forcing 
function  being  the  high  reduced  frequency  wakes  shed  by  the 
upstream  rotor  blades,  the  effects  of  airfoil  camber,  rotor- 
stator  axial  spacing,  and  the  waveform  of  the  aerodynamic 
forcing  function  on  the  Tirst  harmonic  vane  row  response  have 
been  investigated  (Fleeter  et  al.,  1978,  1980;  Capece  et  ai., 
1986;  Capece  and  Fleeter,  1987).  Callus  et  al.  (1980)  utilized 
five  transducers  embedded  in  each  vane  surface  to  quantify 
the  unsteady  lift  coefficients  corresponding  to  the  first  five 
harmonics  of  rotor  blade  passing  frequency. 

With  regard  to  inlet  flow  distortions,  O’Brien  et  al.  (1980) 
used  six  dynamic  pressure  transducers  embedded  on  each  rotor 
blade  surface  to  measure  the  unsteady  aerodynamic  response 
to  a  distorted  inlet  flow  field.  However,  the  periodic  rotor 
blade  row  inlet  flow  field  was  not  measured  and,  thus,  the 
unsteady  aerodynamic  gust  forcing  function  was  not  quanti¬ 
fied.  Manwaring  and  Fleeter  (1990)  investigated  the  effect  of 
inlet  distortion  waveform  shape  on  the  unsteady  pressure  re¬ 
sponse  of  a  first-stage  rotor  row  in  a  multistage  compressor. 
Hardin  et  al.  (1987)  measured  low  reduced  frequency  oscil¬ 
lating  airfoil  aerodynamics  on  a  rotor  of  a  single-stage  com¬ 
pressor  and  also  stated  that  they  performed  similar  distortion 
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experiments,  although  the  results  were  not  presented,  in  the 
high-speed  flow  regime,  Datko  and  O’Hara  (1987)  measured 
the  forced  vibratory  response  of  an  advanced  transonic  com¬ 
pressor  first-stage  integrally  bladed  disk  (a  blisk)  generated  by 
seven  different  inlet  total  pressure  distortion  screens.  These 
experiments  found  that  the  blisk  was  susceptible  to  excessive 
resonant  stresses  generated  by  the  inlet  distortions,  with  com¬ 
plex  inlet  distortions  exciting  the  lower  natural  frequencies  at 
a  number  of  engine  orders.  Although  the  distorted  inlet  flow 
field  was  measured  with  a  total  pressure  probe,  the  harmonic 
content  of  the  distortion  was  not  always  discernible.  Also,  the 
detailed  forcing  function,  i.e.,  the  streamwise  and  transverse 
gusts,  and  the  rotor  blade  surface  unsteady  pressure  and  pres¬ 
sure  differences  were  not  quantified. 

In  this  paper,  the  fundamental  flow  physics  of  disturbance¬ 
generated  periodic  rotor  blade  row  unsteady  aerodynamics, 
including  the  effect  of  different  unsteady  aerodynamic  forcing 
functions,  are  experimentally  investigated  for  the  first  time. 
This  is  accomplished  by  means  of  a  series  of  experiments  per¬ 
formed  in  an  extensively  instrumented  axial  flow  research  com¬ 
pressor  directed  at  the  investigation  of  the  effects  of  both  the 
aerodynamic  forcing  function  and  steady  aerodynamic  loading 
level  on  tlie  gust-generated  unsteady  aerodynamics  of  a  first 
stage  rotor  blade. 

As  schematically  depicted  in  Fig.  I ,  two  different  two-per- 
rev  aerodynamic  forcing  functions  are  considered:  (I)  the  ve¬ 
locity  deficit  from  two  90  deg  circumferential  inlet  flow  dis¬ 
tortions,  and  (2)  the  wakes  from  two  upstream  obstructions, 
which  are  characteristic  of  airfoil  or  probe  excitations.  These 
aerodynamic  forcing  functions  to  the  first-stage  rotor  blade 
row  are  measured  with  a  rotating  cross  hot  wire  probe,  with 
these  data  then  analyzed  to  determine  the  streamwise  and  trans- 
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b  =  rotor  blade  semichord  .  a,  ^  streamwise  gust  harmonic 

C,  »  rotor  blade  steady  loadings  *  =  reduced  frequency  component 

P  =  rotor  blade  surface  unsteady  ,  transverse  unsteady  velocity 

Cf  =  rotor  blade  steady  pressure  pressure  component 

coefficient  drum  steady  pressure  0‘  _  transverse  gust  harmonic  com 

Cfi  =  rotor  blade  harmonic  unsteady  P,  *  rotor  blade  surface  steady  ponent 

pressure  coefficient  pressure  y,  =  mean  axial  velocity 
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I  =  rotor  blade  mean  incidence  u*  =  streamwise  unsteady  velocity  u  =  two-per-rev  forcing  function 
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verse  velocity  components,  u*  and  u* ,  shown  in  Fig.  2.  The 
resulting  unsteady  aerodynamic  gust-generated  rotor  blade  sur¬ 
face  unsteady  pressure  chordwise  distributions  are  measured 
with  embedded  ultraminiature  high  response  dynamic  pressure 
transducers. 

Research  Compressor 

The  Purdue  Axial  Flow  Research  Compressor  experimen¬ 
tally  models  the  fundamental  turbomachinery  unsteady  aero¬ 
dynamic  multistage  interaction  phenomena  including  the 
incidence  angle,  the  velocity  and  pressure  variations,  the  aero¬ 
dynamic  forcing  function,  the  reduced  frequency,  and  the  un¬ 
steady  blade  row  interactions.  The  compressor  is  driven  by  a 
IS  hp  d-c  electric  motor  and  is  operated  at  a  speed  of  2250 
rpm.  Each  identical  stage  of  the  baseline  compressor  contains 
43  rotor  blades  and  31  stator  vanes  having  a  British  C4  profile, 
with  the  first-stage  rotor  inlet  flow  field  established  by  a  row 
of  36  variable  setting  inlet  guide  vanes.  The  overall  airfoil  and 
compressor  characteristics  are  presented  in  Table  I.  For  these 
experiments,  the  first-stage  rotor  blade  row  was  extensively 
instrumented.  Due  to  the  large  gap  between  the  IGV  row  and 
the  first-stage  rotor  row,  approximately  75  percent  vane  chord, 
the  potential  flow  effects  are  negligible  compared  to  the  viscous 
wakes.  To  eliminate  any  potential  flow  effects  from  the  down¬ 
stream  stator  row  on  the  instrumented  first-stage  rotor  blades, 
the  first-stage  stators  and  second-stage  rotors  were  removed, 
as  schematically  depicted  in  Fig.  3. 

Instrumentation 

Both  steady  and  unsteady  first-stage  rotor  blade  row  data 
are  required.  The  steady  data  quantify  the  rotor  mean  inlet 
flow  field  and  midspan  steady  lr>ading  distribution.  The  un¬ 
steady  data  define  the  periodic  aerodynamic  forcing  function 
and  the  resulting  midspan  blade  surface  periodic  pressure  dis¬ 
tributions. 

The  inlet  flow  field,  both  steady  and  unsteady,  is  measured 
with  a  rotating  cross  hot-wire  probe  mounted  30  percent  of 
blade  chord  upstream  of  the  rotor  row.  The  cross  hot-wire 
probe  is  calibrated  and  linearized  for  velocities  from  18.3 
m/s  to  53.4  m/s  and  -«-  /  -  35  deg  angular  variation,  with  the 
accuracy  of  the  velocity  magnitude  and  flow  angle  determined 
to  be  4  percent  and  -f-  /  -  1 .0  deg,  respectively.  Centrifugal 
loading  effects  on  the  rotating  hot-wire  sensor  resistances  and, 
thus,  responses  were  found  to  be  negligible. 

The  detai'-jd  steady  aerodynamic  loading  on  the  rotor  blade 
surfaces  is  measured  with  a  chordwise  distribution  of  20  mid¬ 
span  static  pressure  taps,  10  on  each  surface.  The  static  pressure 
at  the  rotor  exit  plane,  measured  with  a  rotor  drum  static  tap, 
is  used  as  the  blade  surface  static  pressure  reference.  These 
static  pressure  measurements  are  made  using  a  rotor  based  48 
port  constant  speed  drive  Scanivalve  system  located  in  the  rotor 
drum.  To  determine  the  accuracy  of  the  steady  pressure  meas¬ 


urements,  a  95  percent  confidence  internal,  root-mean-square 
error  analysis  of  20  samples  is  performed. 

The  measurement  of  the  midspan  rotor  blade  surface  un¬ 
steady  pressures  is  accomplished  with  20  ultraminiature,  high 
response  transducers  emb^ded  in  the  rotor  blades  at  the  same 
chordwise  locations  as  the  static  pressure  taps.  To  minimize 
the  possibility  of  flow  disturbances  associated  with  the  inability 
of  the  transducer  diaphragm  to  maintain  the  surface  curvature 
of  the  blade  exactly,  a  reverse  mounting  technique  is  utilized. 
The  pressure  surface  of  one  blade  and  the  suction  surface  of 
the  adjacent  blade  are  instrumented,  with  transducers  em¬ 
bedded  in  the  nonmeasurement  surface  and  connected  to  the 
measurement  surface  by  a  static  tap.  The  embedded  dynamic 
transducers  were  both  statically  and  dynamically  calibrated. 
The  static  calibrations  showed  good  linearity  and  no  discernible 
hysteresis.  The  dynamic  calibrations  demonstrated  that  the 
frequency  response,  in  terms  of  gain  attenuation  and  phase 
shift,  were  not  affected  by  the  reverse  mounting  technique. 
The  accuracy  of  the  unsteady  pressure  measurements,  deter¬ 
mined  from  the  calibrations,  is  +/-4  percent. 

The  rotor-based  static  pressure  Scanivalve  transducer,  ro¬ 
tating  hot-wire  probe,  and  20  blade  surface  dynamic  pressure 
transducers  are  interfaced  to  the  stationary  frame  of  reference 
through  a  40  channel  slip  ring  assembly.  Onboard  signal  con¬ 
ditioning  of  the  transducer  output  signals  is  performed  to  main¬ 
tain  a  good  $ignal-to-noise  ratio  through  the  slip  ring.  The 
remaining  17  channels  of  the  slip-ring  assembly  are  used  to 
provide  excitation  to  the  transducers  and  on/off  switching 
excitations  to  the  Scanivalve  DC  Motor. 


Data  Acquisition  and  Analysis 


Steady  Data.  The  rotor  blade  surface  static  pressure  data, 
measured  with  the  rotor-based  Scanivalve  system,  are  defined 
by  a  root-mean-square  error  analysis  of  20  samples  with  a  95 
percent  confidence  interval.  The  reference  for  these  midspan 
blade  pressure  measurements  is  the  static  pressure  at  the  exit 
of  the  rotor  measured  on  the  rotor  drum.  Thus,  the  blade 
surface  and  the  reference  static  pressures  are  measured  at  dif¬ 
ferent  radii.  Hence,  a  correction  for  the  resulting  difference 
in  the  radial  acceleration  is  derived  and  applied  in  calculating 
the  blade  surface  static  pressure  coefficient  defined  in  equation 
(I). 


^1  ~  ^ t»il 


(1) 


where  U,  is  the  rotor  blade  tip  speed. 


Periodic  Data.  The  periodic  data  of  interest  are  the  har¬ 
monic  components  of  the  aerodynamic  forcing  function  to  the 
first-stage  rotor  blade  row  together  with  the  resulting  rotor 
blade  surface  unsteady  pressures  and  unsteady  pressure  dif¬ 
ferences.  These  are  determined  by  defining  a  digitized  ensemble 
averaged  unsteady  aerodynamic  data  set  consisting  of  the  ro¬ 
tating  cross  hot-wire  probe  and  blade  surface  dynamic  pressure 
transducer  signals  at  each  steady  operating  point,  in  particular, 
these  time-variant  signals  are  digitized  with  a  high-speed  A-D 
system  at  a  rate  of  20  kHz  and  then  ensemble  averaged.  The 
key  to  this  averaging  technique  is  the  ability  to  sample  data  at 
a  preset  time,  accomplished  by  an  optical  encoder  mounted 
on  the  rotor  shaft.  The  microsecond  range  step  voltage  signal 
from  the  encoder  is  the  data  initiation  time  reference  and 
triggers  the  high  speed  A-D  multiplexer  system.  Tosignificantly 
reduce  the  random  fluctuations  superimposed  on  the  periodic 
signals  of  interest,  200  averages  are  used.  A  Fast  Fourier  Trans¬ 
form  (FFT)  algorithm  is  then  applied  to  these  ensemble-av¬ 
eraged  signals  to  determine  the  harmonic  components  of  the 
unsteady  aerodynamic  forcing  function  and  the  resulting  rotor 
blade  surface  harmonic  unsteady  pressures  and  pressure  dif¬ 
ferences. 
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The  unsteady  inlet  flow  field  to  the  rotor  row,  measured  respectively.  These  are  then  Fourier  decomposed  to  determine 
with  the  rotating  cross  hot-wire  probe,  is  quantified  by  the  their  harmonic  components,  iJ,*  and  (J* . 
iniet  relative  velocity  and  flow  angle.  The  velocity  triangle  The  various  unsteady  aerodynamic  gust  mathematical  models 
relations  depicted  in  Fig.  2  are  then  used  to  determine  the  reference  the  gust-generated  airfoil  aerodynamic  response  to 

detailed  unsteady  velocity  into  the  rotor  row,  in  particular,  the  a  transverse  gust  at  the  leading  edge  of  the  airfoil.  However, 

streamwise  and  transverse  velocity  components,  u*  and  i;‘,  in  the  experiments  described  herein,  the  time-variant  data  are 
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referenced  to  the  initiation  of  the  data  acquisition  shaft  trigger 
pulse.  Thus,  for  consistency  with  the  models,  the  periodic  data 
are  further  analyzed  and  referenced  to  a  transverse  gust  at  the 
leading  edge  of  the  first  stage  rotor  blade.  This  is  accomplished 
by  assuming  that:  (1)  The  aerodynamic  forcing  function  re¬ 
mains  fixed  in  the  stationary  reference  frame;  and  (2)  the 
forcing  function  does  not  change  from  the  rotating  hot-wire 
probe  axial  location  to  the  rotor  row  leading  edge  plane. 

The  rotor  blade  surface  unsteady  pressure  data,  measured 
with  the  embedded  high  response  pressure  transducers,  are 
analyzed  to  determine  the  harmonics  of  the  chordwise  distri¬ 
bution  of  the  unsteady  pressure  coefficient,  and  the  un¬ 
steady  pressure  difference  coefficient,  C^pi.  These  are  defined 
in  equation  (2)  and  are  specified  from  the  Fourier  coefficients 
of  the  digitind  unsteady  pressure  transducer  signals.  The  non- 
dimensionalization  term,  0,  is  used  iii  addition  to  the  standard 
terms  to  collapse  the  steady  loading  effects  associated  with 
mean  incidence  angle  as  will  be  shown  later. 


c  ^ 

(2a) 

(2b) 

where  v,*  is  the  harmonic  transverse  gust  component.  V,  is 
the  mean  axial  velocity,  and  0  is  the  relative  mean  flow 
angle. 

The  Final  form  of  the  gust-generated  rotor  blade  row  un¬ 
steady  aerodynamics  is  the  chordwise  distribution  of  the  har¬ 
monic  complex  unsteady  pressure  and  pressure  difference 
coefficients.  Also  inclutM  as  a  reference  where  appropriate 
are  predictions  from  the  transverse  gust  analysis  of  Smith 
(1971).  This  model  analyzes  the  unsteady  aerodynamics  gen¬ 
erated  on  a  flat  plate  airfoil  cascade  at  zero  incidence  by  a 
transverse  gust  convected  with  an  inviscid,  subsonic,  com¬ 
pressible  flow. 
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Results 

A  series  of  experiments  are  performed  to  investigate  and 
quantify  the  effects  of  different  aerodynamic  forcing  functions 
and  the  level  of  steady  aerodynamic  loading  on  periodic  gust 
unsteady  aerodynamics  of  a  First  stage  rotor  blade.  Two  dif¬ 
ferent  types  of  two-per-rev  forcing  functions  are  considered: 
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(I)  a  drcumfereniial  inlet  flow  distortion,  and  (2)  upstream 
airfoil  wakes.  In  these  experiments,  the  two  two-per-rev  forcing 
functions  are  equivalent  in  terms  of  aerodynamically  forced 
response  as  each  has  approximately  the  same  nominal  value 
for  the  first  harmonic  streamwise-to-transverse  gust  amplitude 
ratio,  0.72  for  the  inlet  distortion  and  0.70  for  the  wakes. 
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Periodic  Aerodynamic  Forcinti  Functions.  The  Fourier  de¬ 
compositions  of  the  inlet  distortion  and  wake  aerodynamic 
forcing  functions  to  the  First-stage  rotor  in  terms  of  the  gust 
components  are  presented  in  Figs.  4  and  5  for  the  lowest  steady 
loading  level.  The  inlet  distortion  results  in  a  dominant  two- 
per-rev  excitation  with  smaller  higher  harmonics.  With  the 
wake  forcing  function,  a  strong  two-per-rev  signal  is  again 
present.  However,  the  higher  harmonic  amplitudes  are  ap¬ 
proximately  the  same  magnitude  as  the  generating  wake  two- 
per-rev  fundamental  for  the  streamwise  gust  components  and 
are  larger  for  the  transverse  gust  component. 

The  inlet  distortion  and  wake  aerodynamic  forcing  functions 
for  the  highest  steady  loading  level  are  shown  in  Figs.  6  and 
7.  The  effect  of  steady  loading  on  the  inlet  distortion  forcing 
function  is  minimal,  with  both  the  transverse  and  streamwise 
harmonic  gust  components  having  relatively  the  same  mag¬ 
nitudes  as  the  low  steady  loading  level.  However,  for  the  wake 
forcing  function,  while  the  first  harmonic  streamwise  and 
transverse  gust  amplitudes  are  relatively  unchanged  from  the 
low  steady  loading  level  results,  the  higher  harmonic  gust  com¬ 
ponent  magnitudes  differ  considerably.  For  this  higher  steady 
loading  level,  the  larger  higher  harmonics  imply  that  the  wake 
deficit  and  flow  angle  changes  through  the  airfoil  wake  are 
increased. 

Blade  Surface  Static  Pressures.  The  effect  of  steady  aero¬ 
dynamic  loading,  characterized  by  the  mean  incidence  angle, 
on  the  rotor  blade  surface  static  pressure  coefficient  for  both 
the  inlet  distortion  and  the  obstruction  wake  forcing  function 
are  shown  in  Fig.  8.  The  level  of  steady  loading  only  affects 
the  static  pressure  distribution  on  the  pressure  surface  over  the 
front  40  percent  of  the  chord.  On  the  suction  surface,  the 
steady  loading  variation  has  a  large  effect  on  the  static  pressure 
distribution  over  the  entire  suction  surface.  Also,  these  data 
exhibit  no  indication  of  flow  separation.  Of  particular  interest 
to  the  unsteady  experiments,  these  data  clearly  show  that  these 
different  aerodynamic  forcing  functions  have  no  effect  on  the 
steady  aerodynamic  performance  of  the  rotor,  i.e.,  the  airfoil 
steady  surface  static  pressures  are  independent  of  the  unsteady 
aerodynamic  forcing  function. 

Rotor  Periodic  Aerodynamic  Response.  The  unsteady 
aerodynamic  response  of  the  first-stage  rotor  blade  row  to  the 
first  harmonic  of  the  inlet  distortion  and  wake  forcing  func¬ 
tions,  including  the  effect  of  steady  aerodynamic  loading,  are 
presented  in  Figs.  9-14.  In  particular,  these  figures  present  the 
chordwise  distributions  of  the  complex  unsteady  pressure  coef¬ 
ficient  on  the  individual  rotor  blade  surfaces  as  well  as  the 
corresponding  complex  unsteady  pressure  difference  coeffi¬ 
cients  generated  by  these  equivalent  first  harmonic  two-per- 
rev  aerodynamic  forcing  funaions. 

Pressure  Surface  Unsteady  Pressures.  The  effect  of  steady 
aerodynamic  loading  level  on  the  first  harmonic  of  the  complex 
unsteady  pressure  distribution  on  the  rotor  blade  pressure  sur¬ 
face  for  the  inlet  distortion  and  the  wake  forcing  functions  is 
shown  in  Figs.  9  and  10.  respectively. 

For  the  inlet  distortion,  the  unsteady  pressure  magnitude 
decreases  monotonically  with  increasing  chord  for  all  steady 
loading  levels.  This  form  of  the  dimensionless  unsteady  pres¬ 
sure  coefficient,  equation  (2a),  results  in  the  compression  of 
these  magnitude  data  for  all  mean  flow  incidence  angle  values. 
Thus,  the  magnitude  of  the  unsteady  pressure  response  on  the 
blade  pressure  surface,  i.e.,  the  low  camber  airfoil  surface,  is 
primarily  due  to  the  level  of  steady  loading  as  characterized 
by  the  mean  flow  incidence  angle. 

With  the  wake  forcing  function,  the  unsteady  pressure  mag¬ 
nitude  also  decreases  monotonically  with  increasing  chord  for 
the  three  highest  steady  loading  levels,  with  the  data  collapsed 
for  these  loadings.  For  the  lowest  steady  loading  levels,  the 
data  are  also  collapsed  in  the  aft  half  of  the  surface  but  exhibit 
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a  significant  decreased  magnitude  region  between  IS  and  40 
percent  of  the  chord.  This  is  attributed  to  the  acceleration  of 
the  mean  flow  around  the  pressure  surface  leading  edge  region 
at  these  two  negative  mean  incidence  angles.  As  this  effect  was 
not  seen  in  the  inlet  distortion  case,  this  indicates  that  the  first 
harmonic  gust  generated  by  the  wake  has  a  much  larger  in¬ 
teraction  with  the  accelerated  mean  flow  field  than  the  cor¬ 
responding  inlet  distortion-generated  gust. 

The  effects  of  steady  loading  on  the  unsteady  pressure  phase 
data  are  also  dependent  on  the  specific  forcing  function.  With 
the  inlet  distortion,  these  phase  data  are  essentially  independent 
of  the  steady  loading  level.  However,  with  the  wake  forcing 
function,  the  phase  of  the  unsteady  pressure  is  a  function  of 
the  level  of  steady  loading,  with  the  phase  decreasing  as  the 
incidence  angle  increases.  Another  difference  in  the  effect  of 
the  two  forcing  functions  is  that  with  the  inlet  distortion,  the 
unsteady  pressure  phase  increases  over  the  front  half  of  the 
surface  and  remains  constant  over  the  aft  half,  whereas  the 
corresponding  phase  data  increase  in  value  along  the  entire 
pressure  surface  with  the  wake  forcing  function. 

Suction  Surface  Unsteady  Pressures.  The  effect  of  steady 
aerodynamic  loading  on  the  first  harmonic  complex  unsteady 
pressure  on  the  rotor  blade  suaion  surface  is  shown  in  Fig. 
1 1  for  the  inlet  distortion  and  in  Fig.  12  for  the  wake  forcing 
function. 

In  contrast  to  the  pressure  surface,  the  form  of  the  dimen¬ 
sionless  unsteady  pressure  coefficient,  equation  (2a).  does  not 
compress  the  suction  surface  magnitude  data  with  mean  flow 
incidence  angle,  the  exception  being  between  13  and  20  percent 
of  the  chord  for  the  inlet  distortion.  For  both  forcing  functions, 
the  unsteady  pressure  magnitude  data  decrease  to  a  minimum 
and  then  increase  as  the  chord  is  traversed.  Also,  the  magnitude 
data  exhibit  the  same  steady  loading  trends  aft  of  the  minimum 
magnitude  chordwise  position  for  the  two  forcing  functions, 
with  the  unsteady  pressure  magnitude  increasing  with  increas¬ 
ing  steady  loading.  In  the  front  chord  region,  however,  the 
unsteady  pressure  magnitudes  generated  by  the  wake  decrease 
with  increasing  steady  loading,  whereas  the  corresponding  inlet 
distortion-generated  magnitudes  increase  with  increasing  steady 
loading.  Another  difference  associated  with  the  forcing  func¬ 
tions  is  that  the  wake-generated  unsteady  pressure  magnitude 
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data  are  significantly  larger  in  value  than  the  corresponding 
inlet  distortion-generated  magnitudes  for  all  steady  loading 
levels,  particularly  in  the  front  chord  region,  with  the  differ¬ 
ences  decreasing  with  increasing  steady  loading. 

The  forcing  function  has  a  significant  influence  on  the  effect 
of  steady  loading  level  on  the  unsteady  pressure  phase  data. 
For  the  inlet  distortion  at  approximately  25  percent  chord  and 
for  the  wake  forcing  function  over  the  entire  suction  surface, 
the  phase  data  decrease  as  the  incidence  angle  is  increased. 
However,  there  is  a  much  larger  steady  loading  effect  apparent 
with  the  wake  forcing  function,  particularly  over  the  front  7S 
percent  of  the  chord.  Other  differences  in  the  effects  of  the 
two  forcing  functions  on  the  suction  surface  phase  data  are 
that  with  the  inlet  distortion:  (I)  The  variation  with  steady 
loading  in  the  leading  edge  region  changes,  increasing  with  the 
increasing  incidence  angle;  and  (2)  these  data  are  nearly  in¬ 
dependent  of  the  loading  level  from  approximately  IS  to  2S 
percent  chord,  the  vicinity  of  the  minimum  unsteady  pressure 
magnitude  data.  Neither  of  these  effects  are  found  in  the  wake¬ 
generated  phase  data. 

Unsteady  Pressure  Differences.  The  effects  of  steady  load¬ 
ing  on  the  flrst  harmonic  complex  unsteady  pressure  difi^erence 
across  the  rotor  blade  are  shown  for  the  inlet  distortion  and 
for  the  wake  forcing  functions  in  Figs.  13  and  14.  Also  pre¬ 
sented  in  these  figures  as  a  reference  are  the  flat  plate  cascade 
predictions. 

The  unsteady  pressure  difference  magnitude  data  for  both 
forcing  functions  generally  decrease  with  increasing  chord,  in 
trendwise  agreement  with  the  predictions.  The  wake-generated 
magnitude  data  are  of  greater  amplitude  than  the  correspond¬ 
ing  distortion  data  in  the  front  chord  region,  with  the  distortion 
data  increasing  and  the  wake  data  decreasing  with  increasing 
steady  loading.  The  unsteady  pressure  difference  data  gener¬ 
ated  by  the  two  forcing  functions  are  greatly  decreased  in 
magnitude  and  are  in  better  agreement  with  one  another  in  the 
mid  to  aft  chord  region,  with  both  increasing  slightly  with 
increased  loading.  Thus,  the  unsteady  lift  response  of  the  rotor 
blade  is  much  greater  for  the  wake  forcing  function  than  for 
the  inlet  distortion,  with  the  differences  decreasing  with  in¬ 
creasing  steady  loading. 

The  unsteady  pressure  difference  phase  data  are  nearly  in¬ 
dependent  of  the  forcing  function.  Over  the  front  part  of  the 
blade,  the  phase  is  nearly  constant  and  is  independent  of  the 
steady  loading  level.  There  is  a  sharp  increase  in  the  phase  data 
in  the  midchord  region,  with  the  phase  increasing  to  an  aft 
chord  value,  which  is  slightly  greater  for  the  wake  forcing 
function  than  for  the  inlet  distortion  for  all  steady  loading 
levels.  The  chordwise  location  of  the  onset  of  this  rapid  phase 
increase  moves  forward  with  increasing  steady  loading  level. 

Summary  and  Conclusions 

The  fundamental  flow  physics  of  wake  and  distortion-gen¬ 
erated  periodic  rotor  blade  row  unsteady  aerodynamics,  in¬ 
cluding  the  effect  of  different  unsteady  aerodynamic  forcing 
functions,  were  experimentally  investigated.  This  was  accom¬ 
plished  through  a  series  of  experiments  performed  in  an  ex¬ 
tensively  instrumented  axial  flow  research  compressor,  which 
quantified  the  effects  of  the  aerodynamic  forcing  function  and 
the  steady  aerodynamic  loading  level  on  the  wake  and  distor¬ 
tion-generated  gust  unsteady  aerodynamics  of  a  first-stage  ro¬ 
tor  blade.  Two  different  two-per-rev  forcing  functions  were 


considered:  (I)  the  velocity  deficit  from  two  90  deg  circum¬ 
ferential  inlet  flow  distortions,  and  (2)  the  wakes  from  two 
upstream  obstructions,  which  are  characteristics  of  airfoil  or 
probe  excitations.  General  experimental  results  are  noted  in 
the  following  with  detailed  unsteady  aerodynamic  results  sum¬ 
marized  in  Table  2. 

•  The  rotor  steady  aerodynamic  performance  is  independ¬ 
ent  of  the  aerodynamic  forcing  function. 

•  The  inlet  distortion  forcing  function  shows  a  dominant 
two-per-rev,  with  much  small  higher  harmonic  content.  In 
contrast,  the  wake  forcing  function  shows  a  strong  two-per- 
rev  with  higher  harmonics  of  larger  amplitudes. 

•  On  both  the  suction  and  pressure  surfaces,  the  first  har¬ 
monic  complex  unsteady  pressure  distributions  are  dependent 
on  the  particular  forcing  function. 

•  The  unsteady  pressure  difference  magnitude  data  gen¬ 
erally  decrease  with  increasing  chordwise  distance  for  both 
forcing  functions,  in  trendwise  agreement  with  the  flat  plate 
cascade  predictions. 

•  The  wake-generated  rotor  row  unsteady  first  harmonic 
response  is  much  greater  than  that  generated  by  the  inlet  dis¬ 
tortion,  with  the  difference  decreasing  with  increased  steady 
loading. 
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ABSTRACT 

A  series  of  experiments  are  performed  in  an 
extensively  instrumented  axial  flow  research  compressor 
to  investigate  the  fundamental  flow  physics  of  wake 
generated  periodic  rotor  blade  row  unsteady 
aerodynamics  at  realistic  values  of  the  reduced 
frequency.  Unique  unsteady  data  are  obtained  which 
describe  the  fundamental  unsteady  aerodynamic  gust 
interaction  phenomena  on  the  first  stage  rotor  blades  of 
a  research  axial  flow  compressor  generated  by  the 
wakes  from  the  Inlet  Guide  Vanes.  In  these 
experiments,  the  effects  of  steady  blade  aerodynamic 
loading  and  the  aerodynamic  forcing  function,  including 
both  the  transverse  and  chordwise  gust  components,  and 
the  amplitude  of  the  gusts,  are  investigated  and 
quantified. 

NOMENCLATURE 

b  Rotor  blade  semichord 

Ci  Rotor  blade  steady  loadings 

p,pres$ure  "  Up^jiKiion)  dx 

Rotor  blade  steady  pressure  coefficient 
Rotor  blade  unsteady  pressure  coefficient 
Rotor  blade  unsteady  pressure  difference 
coefficient 

i  Rotor  blade  mean  incidence  wgle 

k  Reduced  frequency  =  (ob  /  V, 

p  Digitized  ensembled  averaged  unsteady 

pressure 

Currently  Engineer,  Aerodynamics  Research  Laboraiory, 
General  Electric  Aircraft  Engines,  Cincinnati.  Ohio 


Ps  Rotor  blade  surface  steady  pressure 

P  First  harmonic  complex  unsteady  pressure 

u*  Streamwise  gust  first  hamionic  componeiit 

^  Transverse  gust  first  harmonic  component 

Vx  Mean  axial  velocity 

AV  Absolute  velocity  vector  difference  from 

mean  value 

AW  Total  unsteady  velocity 

P_  Relative  mean  flow  angle 

Relative  flow  angle  difference  from  mean 
value 

(1)  Forcing  function  frequency,  radians 

INTRODUCTION 

Periodic  aerodynamic  excitations  generate  unsteady 
aerodynamic  forces  and  moineius  on  turbomachinery 
blading.  At  the  resonance  conditions  where  the 
aerodynamic  excitation  frequency  matches  a  blade 
natural  frequency,  catastrophic  vibrational  responses  of 
the  blading  may  occur.  In  the  design  process,  Campbell 
diagrams  are  utilized  to  predict  the  occurrence  of  the 
resonant  conditions  in  the  operating  range  of  the  blade 
row.  Unfortunately,  accurate  predictions  of  the 
amplitude  of  the  blade  vibration  at  these  resonances 
cannot  currently  be  made  due  to  the  inability  of 
mathematical  models  to  accurately  predict  the  unsteady 
aerodynamics,  i.e.,  the  aerodynamic  forcing  function  to 
ihe  blade  row  and  the  resulting  unsteady  aerodynamics 
acting  on  the  blading.  As  a  result,  empirical 
correlations  are  currently  used  to  indicate  the  blade  row 
response  to  an  excitation,  with  varying  degrees  of 
success. 

On  a  first  principles  basis,  forced  response  unsteady 
aerodynamics  are  analyzed  by  first  defining  the  forcing 
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function  in  terms  of  harmonics.  The  periodic  response 
of  an  airfoil  row  to  each  harmonic  is  then  assumed  to  be 
comprised  of  two  components.  One  is  due  to  the 
harmonic  components  of  the  unsteady  aerodynamic 
forcing  function  being  swept  past  the  nonresponding 
airfoil  row,  termed  the  streamwise  and  transverse  gust 
responses.  The  second,  the  self-induced  unsteady 
aerodynamics,  arises  when  a  vibrational  response  of  the 
airfoil  row  is  generated. 

The  gust  and  motion-induced  unsteady  aerodynamic 
models  involve  many  physical  and  numerical 
assumptions.  Therefore,  experimental  modeling  of  the 
fundamental  distortion  and  wake  generated  blade  row 
periodic  unsteady  aerodynamic  response,  including  both 
the  forcing  function  and  the  resulting  blade  row 
unsteady  lerodynamics,  is  needed  for  validation  and 
enhancement  of  theoretical  and  numerical  models. 

Unsteady  aerodynamic  gust  experiments  of  direct 
interest  to  turbomachines  have  been  performed  in  low 
speed  research  compressors.  Fleeter,  Jay  and  Bennett 
(1978)  and  Heeter,  Bennett  and  Jay  (1980)  investigated 
the  effects  of  airfoil  camber  and  rotor-stator  axial 
spacing  on  the  unsteady  aerodynamics  of  a  stator  vane 
row  of  a  single  stage  low  speed  research  compressor. 
Capece,  Manwaring  and  Fleeter  (1986)  and  Capece  and 
Fleeter  (1987)  performed  measurements  in  a  three  stage 
low  speed  research  compressor  to  investigate  the  effect 
of  steady  airfoil  loading  and  detailed  aerodynamic 
forcing  function  waveshape  on  the  unsteady 
aerodynamic  response  of  a  stator  vane  row.  Callus, 
Lambertz  and  Wallman  (1980)  performed 
measurements  at  the  midspan  of  a  low  camber  vane  of  a 
single  stage  axial  flow  compressor.  The  unsteady  lift 
coefficients  corresponding  to  the  first  five  harmonics  of 
rotor  blade  wake  passing  were  measured  with  five 
transducers  embedded  in  each  vane  surface. 

Gust  experiments  performed  in  rotor  blade  rows 
include  the  following.  With  regard  to  inlet  flow 
distortions,  O'Brien,  Cousins,  and  Sexton  (1980)  utilized 
six  dynamic  pressure  transducers  embedded  on  each 
rotor  blade  surface  to  measure  the  unsteady 
aerodynamic  response  to  a  distorted  inlet  flow  field. 
However,  the  periodic  rotor  blade  row  inlet  flow  field 
was  not  measured  and,  thus,  the  unsteady  aerodynamic 
gust  forcing  function  was  not  quantified.  Mardin,  Carla, 
and  Verdon  (1987)  measured  low  reduced  frequency 
oscillating  airfoil  aerodynamics  on  the  rotor  of  a  single 
stage  compressor  and  also  stated  that  they  performed 
similar  distortion  experiments  although  the  results  were 
not  presented. 

Manwaring  and  Heeter  (1989,  1990)  experimentally 
investigated  the  unsteady  aerodynamic  rotor  blade  row 
gust  response  generated  by  low  reduced  frequency  inlet 
distortions  and  wake  type  disturbances.  The  major 
advantage  of  rotor  based  unsteady  gust  experiments  over 


stationary  blade  row  experiments  is  that  the  unsteady 
aerodynamic  forcing  function  is  located  in  the  stationary 
reference  frame.  This  enables  a  wide  range  of  forcing 
functions  to  be  more  easily  generated  and  without  large 
detrimental  effects  on  compressor  overall  performance. 

In  this  paper,  the  rotor  blade  row  fundamental 
unsteady  aerodynamic  flow  physics  generated  by 
periodic  wakes  are  investigated  at  realistic  values  of  the 
reduced  frequency.  In  particular,  the  effects  of  the 
detailed  unsteady  aerodynamic  forcing  function, 
including  both  the  transverse  and  chordwise  gust 
components  and  the  gust  amplitude,  us  well  us  steady 
aerodynamic  loading  on  the  unsteady  aerodynaniic  gust 
response  of  the  first  stage  rotor  blade  row  are 
investigated.  Iliis-is  accomplished  by  means  of  a  series 
of  experiments  performed  in  an  extensively 
instrumented  axial  How  research  compressor.  Unique 
unsteady  aerodynamic  data  are  obtained  which  describe 
both  the  detailed  unsteady  aerodynamic  forcing  function 
generated  by  the  wakes  from  the  IGV's  and  the  resulting 
first  stage  rotor  blade  row  unsteady  aerodynamic  gust 
response. 

In  these  experiments,  the  primary  data  obtained 
define  the  midspan  chordwise  distributions  of  both  the 
steady  and  unsteady  pressure  on  the  rotor  blade 
surfaces,  with  the  aerodynamic  forcing  function 
generated  in  the  stationary  reference  fraiVte.  These 
forcing  functions  are  measured  with  a  rotating  cross 
hot-wire  probe,  with  these  data  then  analyzed  to 
determine  the  streamwise  and  transverse  velocitv 
components,  u+  and  v+  shown  in  Figure  1 .  1  he 

resulting  unsteady  aerodynamic  gust  generated  rotor 
blade  surface  unsteady  pressure  chordwise  distributions 
are  measured  with  embedded  ultra-miniature  high 
response  dynamic  pressure  transducers.  The  blade 
surface  steady  pressure  chordwise  distributions  are 
measured  with  blade  surface  static  taps  ported  to  a 
rotor-based  Scanivalve  system. 


RESEARCH  COMPRESSOR 

The  Purdue  Axial  Flow  Research  Compressor 
models  the  fundamental  turbomachinery  unsteady 
aerodynamic  multistage  interaction  phenomena  which 
include  the  incidence  angle,  the  velocity  and  pressure 
variations,  the  aerodynamic  forcing  function 
waveforms,  the  reduced  frequency,  and  the  unsteady 
blade  row  interactions.  Tlie  compressor  is  driven  by  a 
15  HP  DC  electric  motor  at  a  speed  of  2,250  RPM. 
Each  identical  stage  contains  43  rotor  blades  and  31 
stator  vanes  having  a  British  C4  airfoil  profile,  with  the 
first  stage  rotor  inlet  flow  field  established  by  a  variable 
setting  inlet  guide  vane  (IGV)  row  of  36  airfoils.  Hie 
overall  compressor  and  airfoil  characteristics  are 
defined  in  Table  I. 
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The  compressor  aerodynamic  performance  is 
determined  utilizing  a  48  port  Scanivalve  system, 
thermocouples,  and  a  venturi  orifice  to  measure  the 
required  pressures,  temperatures  and  flow  rate, 
respectively.  The  Scanivalve  transducer  is  calibrated 
each  time  data  are  acquired,  thus  automatically 
compensating  for  zero  and  span  shifts  of  the  transducer 
output.  A  95%  confidence  interval,  root-mean-square 
error  analysis  of  20  samples  is  performed  for  each 
steady  data  measurement. 


INSTRUMENTATION 

Both  steady  and  unsteady  rotor  blade  row  data  are 
required.  These  are  acquired  with  the  rotor-based 
instrumentation  system  schematically  depicted  in  Figure 
2.  The  steady  data  quantify  the  rotor  row  mean  inlet 
flowfield  and  the  resulting  rotor  blade  midspan  steady 
loading  distribution.  The  unsteady  data  define  the 
periodic  aerodynamic  forcing  function  and  the  resulting 
midspan  blade  surface  periodic  unsteady  pressure 
distributions. 

The  inlet  flow  field,  both  steady  and  unsteady,  is 
measured  with  a  rotating  cross  hut-wire  probe. 
Disturbances  in  the  stationary  frame-of-reference,  i.e., 
the  IGV  wakes,  are  the  unsteady  aerodynamic  forcing 
functions  to  the  first  stage  rotor  row.  The  rotor 
periodic  unsteady  inlet  flow  field  generated  by  these 
disturbances  is  measured  with  a  cross  hot-wire  mounted 
in  the  rotor  frame-of-reference.  The  pr-^be  is  axially 
mounted  30%  of  rotor  chord  upstream  of  the  rotor 
leading  edge  plane.  A  potential  flow  field  analysis 
determined  this  ax'al  location  to  be  such  that  leading 
edge  potential  effects  are  negligible  for  all  steady 
loading  levels.  The  probe  is  angularly  aligned  to  obtain 
rotor  relative  velocity  and  flow  angle  data.  'I'he  cross 
hot-wire  probe  was  calibrated  and  linearized  for 
velocities  from  18,3  m/sec  to  53.4  m/sec  and  +/-  35 
degrees  angular  variation,  with  the  accuracy  of  the 
velocity  magnitude  and  flow  angle  were  determined  to 
be  4%  and  +/-  1.0  degree,  respectively.  Centrifugal 
loading  effects  on  the  rotating  hot-wire  sensor 
rc;sistances  and,  thus,  the  responses,  were  found  to  be 
negligible. 

The  detailed  steady  aerodynamic  loading  on  the 
rotor  blade  surfaces  is  measured  with  a  chordwise 
distribution  of  20  midspan  static  pressure  taps,  10  on 
each  surface.  The  static  pressure  at  the  rotor  exit  plane, 
measured  with  a  rotor  drum  static  tap,  is  used  as  the 
blade  surface  static  pressure  reference.  These  static 
pressure  measurements  are  made  using  a  rotor  based  48 
port  constant  speed  drive  Scanivalve  system  located  in 
the  rotor  drum. 

The  measurement  of  the  midspan  rotor  blade  surface 
unsteady  pressures  is  accomplished  with  20  ultra¬ 


miniature,  high  response  transducers  embedded  in  the 
rotor  blades  at  the  same  chordwise  locations  as  the  static 
pressure  taps.  To  minimize  the  possibility  of  flow 
disturbances  associated  with  the  inability  of  the 
transducer  diaphragm  to  exactly  maintain  the  surface 
curvature  of  the  blade,  a  reverse  mounting  technique  is 
utilized.  1'he  pressure  surface  of  one  blade  and  the 
suction  surface  of  the  adjacent  blade  are  instrumented, 
with  transducers  embedded  in  the  nonmeasurement 
surface  and  connected  to  the  measurement  surface  by  a 
static  tap.  The  embedded  dynamic  transducers  are  both 
statically  and  dynamically  calibrated.  The  static 
calibrations  show  good  linearity  and  no  discernible 
hysteresis.  The  dynamic  calibrations  demonstrate  that 
the  frequency  response,  in  terms  of  gain  attenuation  and 
phase  shift,  are  not  affected  by  the  reverse  mounting 
technique.  The  accuracy  of  the  unsteady  pressure 
measurements,  determined  from  the  calibrations,  is  +/- 
4%. 

The  rotor-based  static  pressure  Scanivalve 
transducer,  rotating  cross  hot-wire  probe  and  20  blade 
surface  dynamic  pressure  transducers  are  interfaced  to 
the  stationary  frame-of-reference  through  a  40  ehannel 
slip  ring  assembly.  On-board  signal  conditioning  of  the 
transducer  output  signals  is  performed  to  maintain  a 
good  signal-to-noise  ratio  through  the  slip  rings.  The 
remaining  1 7  channels  of  the  slip-ring  assembly  are  used 
to  provide  excitation  to  the  transducers  and  on/off 
switching  to  the  Scanivalve  DC  motor. 


DATA  ACQUISITION  AND  ANALYSIS 
Stcailv  Data 

The  rotor  blade  surface  static  pressure  data, 
measured  with  the  rotor-ba.sed  Scanivalve  system,  are 
defined  by  a  root-/nean-square  error  analysi.s  of  20 
samples  wtth  a  95%  confidence  interval.  Ilte  referetice 
fur  these  midspan  blade  pressure  measuretnents  is  the 
static  pressure  at  the  exit  of  the  rotor  tneasured  on  tlie 
rotor  drum.  Thus,  the  blade  surface  and  t!ie  referetice 
static  pressures  are  measured  at  different  radii.  Hence, 
a  correction  for  the  resulting  difference  iti  the  radial 
acceleration  is  applied  in  calculating  the  blade  surface 
static  pressure  coefftcient  defined  in  Equation  I . 

Cp  =  fiLlPtXU  (I) 

1/2  p  U? 

where  Ut  is  the  rotor  blade  tip  speed. 

Periodic  Data 

The  periodic  data  of  interest  are  the  harmonic 
components  of  the  aerodynamic  forcing  function  to  the 
first  stage  rotor  blade  row  together  with  the  resulting 
rotor  blade  surface  unsteady  pressures  and  unsteady 
pressure  differences.  These  are  determined  by  defining 
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a  digitized  ensemble  averaged  periodic  unsteady 
aerodynamic  data  set  consisting  of  the  rotating  cross 
hot-wire  probe  and  blade  surface  dynamic  pressure 
transducer  signals  at  each  steady  operating  point.  In 
particular,  these  time-variant  signals  are  digitized  with  a 
high  speed  A-D  system  at  a  rate  of  100  kHz  and  then 
ensemble  averaged. 

The  key  to  this  averaging  technique  is  the  ability  to 
sample  data  at  a  preset  time,  accomplished  by  an  optical 
encoder  mounted  on  the  rotor  shaft.  The  microsecond 
range  step  voltage  signal  from  the  encoder  is  the  data 
initiation  time  reference  and  triggers  the  high  speed  A- 
D  multiplexer  system.  To  significantly  reduce  the 
random  fluctuations  superimposed  on  the  periodic 
signals  of  interest,  200  averages  are  used.  A  Fast 
Fourier  Transform  (FFT)  algorithm  is  then  applied  to 
these  ensemble  averaged  signals  to  determine  the 
harmonic  components  of  the  unsteady  aerodynamic 
forcing  function  and  the  resulting  rotor  blade  surface 
harmonic  unsteady  pressures  and  pressure  differences. 
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where  v*  the  first  harmonic  transverse  gust 
component,  V,  jg  the  mean  axial  velocity,  and  3  is  the 
relative  mean  flow  angle  in  radians. 


Tlie  final  form  of  the  gust  generated  rotor  blade 
row  unsteady  aerodynamic  data  define  the  chordwisc 
di.stribulion  of  the  hannonic  complex  unsteady  pressure 
and  pressure  difference  coefficients.  Also  included  as  a 
reference  where  appropriate  are  predictions  from  the 
transverse  gust  analysis  of  Smith  (1971).  This  model 
analyzes  the  unsteady  aerodynamics  generated  on  a  flat 
plate  airfoil  cascade  at  zero  incidence  by  a  transverse 
gust  convected  with  an  inviscid,  subsonic,  compressible 
flow. 


The  unsteady  inlet  flow  field  to  the  rotor  row  is 
measured  with  the  rotating  cross  hot-wire  probe  which 
quantifies  the  relative  velocity  and  flow  angle.  The 
velocity  triangle  relations  depicted  in  Figure  1  are  then 
used  to  determine  the  unsteady  inlet  flow  field  to  the 
rotor,  in  particular,  the  streamwise  and  transverse 
velocity  components,  u+  and  v+,  respectively.  Tltese  are 
then  Fourier  decomposed  to  determine  the  first 
harmonic  of  the  streamwise  and  transverse  velocity 
components,  termed  the  streamwise  and  transverse  gust 
components,  u*  and  v*  . 

The  various  unsteady  aerodynamic  gust 
mathematical  models  reference  the  gust  generated  airfoil 
aerodynamic  response  to  a  transverse  gust  at  the  leading 
edge  of  the  airfoil.  However,  in  the  experiments 
described  herein,  the  time-variant  data  are  referenced  to 
the  initiation  of  the  data  acquisition  shaft  trigger  pulse. 
Thus,  for  consistency  with  the  models,  the  periodic  data 
are  further  analyzed  and  referenced  to  a  transverse  gust 
at  the  leading  edge  of  the  first  stage  rotor  blade.  This  is 
accomplished  by  assuming  that;  (1)  the  aerodynamic 
forcing  function  remains  fixed  in  the  stationary 
reference  frame;  and  (2)  the  forcing  function  does  not 
decay  from  the  rotating  hot-wire  probe  axial  location  to 
the  rotor  row  leading  edge  plane. 

The  rotor  blade  surface  unsteady  pressure  data, 
measured  with  the  embedded  high  response  pressure 
transducers,  are  analyzed  to  determine  the  harmonics  of 
the  chordwise  distribution  of  the  unsteady  pressure 
coefficient,  Cp  ,  and  the  unsteady  pressure  difference 

coefficient,  .  These  are  defined  in  Equation  2  and 
are  specified  from  the  Fourier  coefficients  of  the 
digitized  ensemble  averaged  dynamic  pressure 
transducer  signals. 


RESULTS 

A  series  of  experiments  are  perfomied  to  investigate 
and  quantify  the  effects  on  the  unsteady  aerodynamic 
gust  response  of  the  first  stage  rotor  blade  iow  due  to 
the  detailed  variation  of  the  unsteady  aerodynamic 
forcing  function  generated  by  the  IGV  wakes.  Forcing 
function  effects  include  both  the  transverse  and 
chordwise  gust  components,  defined  by  the  ratio  of  the 
amplitudes  of  the  first  harmonic  streamwisc-io- 

transverse  gust  components,  lu'^A'1,  and  the  gust 
amplitude,  defined  by  the  ratio  of  the  first  harmonic 
transverse  gust  magnitude  to  mean  axial  velocity, 

|v  /V J  .  The  ratio  of  the  slreamwise-io-transverse  gust 

amplitude,  was  varied  by  changing  the  IGV 

setting  angle.  Hie  level  of  steady  aerodynamic  loailing, 
characterized  by  the  mean  incidence  angle,  was  varied  as 
a  parameter.  The  variation  in  the  rotor  blade  steady 
loading  was  obtained  by  holding  the  rotor  speed  constant 
and  varying  the  mass  (low  rate  and,  thus,  the  mean  flow 
incidence  angle  to  the  rotor  blade  row. 

Periodic  Aerodynamic  Forcing  Function 

Four  distinct  36-per-revolution  aerodynamic  forcin^ 
functions  to  the  first  stage  rotor  blade  row  are 
generated,  characterized  by  nominal  first  harmonic 
streamwise-to-transverse  gust  amplitude  ratios  of  0.29, 
0.37,  0.45,  and  0.55.  The  unsteady  aerodynamic  gusts 
generated  from  the  IGV  wake  first  harmonic  have 
nominal  reduced  frequency  values  between  5  and  6. 
The  Fourier  decomposition  of  these  IGV  wake 
aerodynamic  forcing  functions  to  the  first  stage  rotor 
row  shows  a  dominant  36-per-rev  excitation 
fundamental  harmonic  with  smaller  higher  harmonics. 
As  the  gust  amplitude  ratio  increases,  the  transverse 
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harmonic  gust  amplitudes  become  smaller  while  the 
streamwise  harmonic  gust  amplitudes  become  larger 
with  respect  to  the  mean  axial  velocity. 

Blade  Surface  Steady  Pres.sures 

The  effect  of  steady  aerodynamic  loading  as 
characterized  by  the  mean  incidence  angle  on  (he  rotor 
blade  surface  steady  pressure  coefficient  is  shown  in 
Figure  3.  The  level  of  steady  loading  only  affects  the 
steady  pressure  distribution  on  the  pressure  surface  over 
the  front  40%  of  the  chord.  On  the  suction  surface,  the 
steady  loading  variation  has  a  large  effect  on  the  steady 
pressure  distribution  over  the  entire  suction  surface. 
Also,  these  data  give  no  indication  of  suction  surface 
flow  separation.  It  should  be  noted  that  these  surface 
steady  pressure  distributions  are  not  affected  by  the 
characteristics  of  the  periodic  unsteady  aerodynamic 
forcing  function. 

Rotor  Row  Periodic  Aerodynamic  Respon.se 

The  periodic  aerodynamic  response  of  the  first  stage 
rotor  blade  row  to  the  IGV  wake  first  harmonic  forcing 
function  are  presented  in  the  format  of  the  chordwise 
distribution  of  the  complex  unsteady  pressure  coefficient 
on  the  individual  rotor  blade  surf^aces  as  well  as  the 
corresponding  complex  unsteady  pressure  difference 
coefficient  generated  by  the  36-per-rcv  IGV  wake  first 
harmonic  forcing  function,  with  the  steady  loading  level 
as  a  parameter. 

Pressure  Surface  Unsteady  Pressure 

The  effect  of  steady  aerodynamic  loading  level  on 
the  IGV  wake  generated  first  harmonic  complex 
unsteady  pressure  distribution  on  the  rotor  blade 
pressure  surface  is  shown  in  Figures  4,  5,  6  and  7  for 
nominal  streamwise-to-transverse  gust  amplitude  ratios 
of  0.29,  0.37,  0.45  and  0.55,  re.spectively.  The  first 

harmonic  gust  amplitude,  characterized  bylv^A'xl  values 
of  approximately  0.1  is  small  compared  to  the  mean 
axial  velocity. 

For  each  gust  amplitude  ratio  value,  the  form  of  the 
dimensionless  unsteady  pressure  coefficient  specified  in 
Equation  2  results  in  a  compression  of  the  unsteady 
pressure  magnitude  data  over  the  entire  pressure  surface 
for  all  gust  amplitude  ratios  and  all  but  (he  (wo  lowest 
steady  loading  levels.  For  these  two  loading  cases,  large 
variations  are  found  in  the  magnitude  data  in  the 
neighborhood  of  the  quarter  chord,  with  these  variations 
decreasing  with  increasing  gust  amplitude  ratio.  This 
corresponds  to  the  previously  noted  effects  of  steady 
loading  on  the  rotor  blade  surface  steady  pressure 
wherein  loading  primarily  influences  the  front  part  of 
the  pressure  surface.  Namely,  the  steady  pressure 
coefficient  value  for  the  rotor  drum  hub  steady  pressure 
coefficient  upstream  of  (he  rotor  row  is  approximately 


0.24,  (hereby  indicating  that  the  mean  flow  field 
accelerates  around  the  pressure  surface  leading  edge 
before  decelerating  (diffusing)  for  the  two  lowest  mean 
incidence  angles,  i.e.,  the  steady  pressure  coefficient 
decrea.ses  and  (hen  increases. 

Ilie  level  of  steady  loading  luis  only  a  minimal  effect 
on  the  pressure  surface  unsteady  pressure  phase,  the 
exception  being  the  two  lowest  steady  loading  levels  in 

the  front  chord  region.  Also  as  |u'^  1  increases,  the 
decrease  in  phase  in  the  25%  chord  region  becomes  less 
for  the  two  low  steady  loading  levels,  while  the  three 
highest  steady  loading  levels  in  the  front  chord  region 
and  all  steady  loading  levels  in  the  aft  chord  region 
remain  relatively  unaffected  by  the  gust  amplitude  ratio. 

Suction  Surface  Unsteady  Pressures 

llie  effect  of  steady  aerodynamic  loading  on  the 
IGV  wake  generated  first  harmonic  complex  unsteatly 
pressure  on  the  rotor  blade  suction  surface  is  shown  in 
Figures  8,  9,  10  and  1  1  for  the  four  nominal  gust 
amplitude  ratio  values. 

Tlie  unsteady  pressure  ct)efficien(  magnitude  on  the 
entire  suction  surface  is  a  strong  function  of  the  level  ol 
steady  aerodynamic  loading.  '!his  coriesponils  to  the 
previously  prc.sented  suction  surface  steady  pressure 
data  variation  with  mean  incidence  angle.  For  all  gust 
amplitude  ratios,  the  front-to-mid  chord  region  data 
show  a  decreasing-increasing  magnitude  (rend  with 
chord,  with  the  minimum  tnagnitude  chordwi.se  location 
moving  forward  with  increasing  steady  loarling.  I'his 
minimum  corresponds  to  the  minimum  in  the  steady 
pressure  chordwise  distribution.  Figure  5,  wherein  the 
chordwise  location  of  (he  change  from  accelerating  to 
decelerating  mean  flow  moves  forward  with  increasing 
mean  incidence.  Thus,  similar  to  the  pressure  surface 
unsteady  response  in  the  front  chord  region  at  negative 
mean  incidence  angle,  the  un.steady  gust  interacts  with 
the  accelerating  mean  flow  field  around  the  suction 
surface  in  the  front  chord  region.  In  the  mid-to-aft 
chord  region,  the  gust  amplitude  ratio  alters  the  effect 
of  steady  loading  on  the  chordwise  distributions  of  (he 
unsteady  pressure  response.  Namely,  for  the  large  gust 
amplitude  ratios,  a  decreasing-increasing  unsteady 
pressure  magnitude  trend  with  chord  occurs,  with  the 
minimum  moving  forward  with  increasing  steady 

loading.  As  decreases,  this  increasing-decreasing 
magnitude  trend  with  chorti  becomes  smoother  and  the 
data  increase  dramatically  in  magnitude  in  the  aft  half 
chord.  Thus,  for  this  higher  camber  suction  surface, 
the  mean  flow  field  interacts  with  the  unsteady  gust  over 
(he  entire  blade  surface,  with  the  gust  amplitude  ratio 
affecting  (he  response  over  the  aft  half  of  the  surface. 

Nearest  to  the  leading  edge,  the  tnagnitude  rlata 
increase  with  increasing  steady  loading  level.  .As  noteil 
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previously,  this  steady  loading  trend  is  attributed  to  the 
IGV  wake  first  harmonic  gust  interacting  with  the  mean 
accelerating  flow  field  around  the  blade  leading  edge. 
Hathaway  et.  al.  (1987)  have  experimentally 
demonstrated  the  interaction  of  a  rotor  wake  with  a 
downstream  stator  row.  They  found  that  from 
approximately  -20%  to  10%  of  the  downstream  stator 
chord,  the  rotor  wake  generated  unsteady  velocity 
magnitude  increases,  with  the  increase  becoming  larger 
as  steady  loading  increases.  This  indicates  that  the  wake 
generated  gust  magnitude  increases  due  to  the 
interaction  with  the  accelerating  mean  How  field  around 
the  blade  leading  edge. 

With  regard  to  the  phase  of  the  unsteady  pressure, 
the  streamwise-to-transverse  gust  amplitude  ratio  has 
minimal  effect,  with  steady  loading  primarily  affecting 
the  phase  on  the  aft  three  quarters  of  the  chord.  As  the 
mean  incidence  angle  is  increased  from  the  low  loading 
level,  the  chordwise  variation  of  the  phase  data  on  the 
aft  part  of  the  surface  becomes  linear,  with  the  extent  of 
this  linear  distribution  increasing  with  increasing  mean 
incidence.  This  linear  chordwise  distribution  indicates 
the  existence  of  a  wave  phenomenon,  with  a  convective 
velocity  equal  to  the  mean  axial  velocity  through  the 
blade  row  (20.5  m/sec).  This  mean  axial  velocity  wave 
phenomenon  has  been  experimentally  delected  by  other 
authors,  Fleeter,  et  al.  (1980)  and  Hodson  (1984)  but  is 
yet  to  be  physically  explained. 

Summarizing  these  blade  surface  steady  loading  and 
gust  amplitude  ratio  effects,  for  the  low  camber 
pressure  surface  in  the  chordwise  region  where  the 
mean  flow  field  does  not  accelerate,  i.e.,  the  mid-to-afl 
chord  region  for  all  steady  loading  levels  and  the  front 
chord  region  for  the  three  high  steady  loading  levels, 
the  data  compress  for  all  gust  amplitude  ratios, 
indicating  that  steady  loading  as  characterized  by  the 
mean  flow  incidence  is  a  key  mechanism  for  the  low 
camber  unsteady  aerodynamic  wake  response. 
However,  in  an  accelerating  mean  flow  field,  i.e.,  the 
front  chord  region  for  the  two  low  steady  loading 
levels,  mean  flow  field  interactions  with  the  unsteady 
gust  are  also  important.  As  the  gust  amplitude  ratio 
increases,  this  interaction  lessens.  On  the  higher  camber 
suction  surface,  the  interaction  between  the  mean  flow 
field  and  the  unsteady  gust  affects  the  unsteady 
aerodynamic  response  over  the  entire  blade  surface  for 
all  steady  loading  levels  and  streamwise-io-transverse 
gust  amplitude  ratios.  Also,  the  gust  amplitude  ratio  has 
a  large  effect  on  these  interactions  over  the  aft  half  of 
the  blade  surface. 

Unsteady  Pressure  Differences 

t  he  steady  loading  effect  on  the  first  harmonic  of 
the  complex  unsteady  pressure  difference  across  the 
rotor  blade  camberline  is  shown  in  Figures  12,  13,  14 
and  15  for  the  nominal  streamwise-to-transverse  gust 
amplitude  ratios  of  0.29,  0.37,  0.45  and  0.55, 
respectively.  Also  presented  as  a  reference  are  the  flat 


plate  cascade,  inviscid,  transverse  gust  predictions  of 
Smith  (1971)  and  Whitehead  (1987). 

Ihe  effects  of  steady  loading  on  the  previously 
presented  individual  pressure  and  suction  surface 
magnitude  and  phase  data  are  still  apparent,  with  the 
suction  surface  effects  being  dominant.  Fur  example, 
analogous  to  the  high  gust  amplitude  steady  loading 
trends  on  the  suction  surface  for  the  high  gust  amplitude 
ratio,  the  unsteady  pressure  difference  magnitude  data 
show  two  decreased  magnitude  regions,  one  in  the  front 
chord  region  and  the  other  in  the  mid-to-aft  chord 
region,  with  the  chordwise  location  of  the  magnitude 
minima  moving  forward  with  increa.sed  steady  loading. 
Also,  the  chordwise  location  where  the  rapid  increase  in 
value  of  the  phase  data  begins  to  occur  moves  forward 
with  increasing  steady  loading  similar  to  the  suction 
surface,  whereas  for  the  low  steady  loading  level,  the 
phase  decreases  sharply  al  25%  rotor  chord  per  the 
pressure  surface  trends.  Similar  to  the  steatly  loailing 
trends  in  the  suction  surface  aft  chord  region,  as  the  gust 
amplitude  ratio  decrea.ses,  the  magnitude  data  increase. 

These  steady  loading  effects  cause  the  chonlwise 
distribution  of  the  unsteady  pressure  difference 
magnitude  and  phase  data  to  differ  greatly  from  the  flat 
plate  cascade  predictions,  with  the  magnitude  data  not 
Just  decreasing  with  increasing  chord  and  the  phase  data 
not  remaining  nearly  constant  with  chord  per  the 
predictions.  The  lowest  steady  loading  level,  which 
most  closely  approximates  the  prediction  model  no 
loading  condition,  shows  fair  comparison  with  the 
magnitude  data  except  in  chord  regions  where  strong 
gust  interactions  with  the  steady  flow  field  occur,  i.e.. 
the  pressure  surface  interaction  at  25%  chord  and  the 
suction  surface  interaction  in  the  aft  chord.  The 
prediction  differs  from  the  phase  data  by  approximately 
90  degrees  over  the  entire  blade  except,  once  again,  in 
the  25%  and  aft  chord  region. 

lilTeci  of  Gust  Amplitude 

The  previous  results  considered  the  perioJi,. 
aerodynamic  response  of  the  first  stage  rotor  blade  row 
to  relatively  small  amplitude  IGV  wake  first  harmonic 
gusts,  with  the  ratio  of  the  transverse  gust  to  mean  axial 
velocity  on  the  order  of  0.1.  The  effect  of  larger 

amplitude  gusts,  |v*A^J  on  the  order  of  0.3,  on  the  blade 
surface  unsteady  pressure  response,  including  the  effect 
of  steady  loading,  are  presented  in  Figures  16  and  17, 
where  the  effect  of  operation  at  the  five  nominal  steady 
loading  levels  is  also  included.  In  particular,  these 
figures  present  the  chordwise  distribution  of  the 
complex  unsteady  pressure  coefficient  on  the  pressure 
and  suction  surfaces  generated  by  large  amplitude  36- 
per-rev  IGV  wake  first  harmonic  forcing  functions. 

The  effect  of  the  larger  amplitude  gusts  on  the 
pressure  surface  unsteady  pressure  response  is 
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demonstrated  by  comparing  the  high  amplitude  gust 
generated  response  with  that  resulting  from  the  low 
amplitude  gust  of  the  same  nominal  strcamwise-to- 
transverse  gust  amplitude  ratio  value.  Figures  5  and  16. 
Nearly  identical  unsteady  pressure  magnitude  and  phase 
responses  are  shown  for  both  gust  amplitudes  except  in 
the  25%  chord  region  for  the  lowest  two  mean  flow 
incidence  angles.  In  this  front  chord  region  at  negative 
mean  flow  incidence,  the  interaction  between  the 
accelerating  mean  flow  field  and  the  unsteady  gust  is 
weaker  for  the  larger  amplitude  gust,  as  evidenced  by 
the  decrease  in  the  magnitude  and  phase  variation. 

The  effect  of  large  amplitude  gusts  on  the  suction 
surface  unsteady  pressure  response  is  seen  by  comparing 
the  high  and  low  amplitude  gust  generated  response  for 
equivalent  gust  amplitude  ratio  values.  Figures  9  and  17. 
The  phase  data  are  unaffected  by  the  gust  amplitude, 
with  the  steady  loading  effect  on  the  phase  chordwise 
distributions  t^ing  nearly  equivalent.  However,  the 
magnitude  data  are  greatly  affected  by  the  gust 
amplitude,  particularly  over  the  aft  three  quarters  of  the 
surface.  The  high  amplitude  gust  magnitude  data  are 
greatly  decreased  compared  to  the  low  amplitude  gust 
magnitude  data,  with  the  steady  loading  effect  being 
greatly  reduced.  Thus,  similar  to  the  pressure  surface 
front  chord  region  at  negative  mean  flow  incidence,  the 
interaction  of  high  amplitude  gusts  with  the  mean  How 
is  weaker  than  the  interaction  of  low  amplitude  gusts 
with  the  mean  flow. 


SUMMARY  AND  CONCLUSIONS 

The  rotor  blade  row  fundamental  unsteady 
aerodynamic  flow  physics  generated  by  periodic  wakes 
were  investigated  at  realistic  values  of  die  reduced 
frequency.  In  particular,  the  effects  of  the  detailed 
unsteady  aerodynamic  forcing  function,  including  both 
the  transverse  and  chordwise  first  harmonic  gust 
components  and  the  gust  amplitude,  as  well  as  steady 
aerodynamic  loading  on  the  unsteady  aerodynamic  gust 
response  of  the  first  stage  rotor  blade  row  were 
investigated  and  quantified.  This  was  accomplished  by 
means  of  a  series  of  experiments  performed  in  an 
extensively  instrumented  axial  flow  research 
compressor. 

The  rotor  blade  surface  steady  loading  distributions 
were  quantified  with  surface  static  pressure  taps  and  a 
rotor-based  Scanivalve  system.  The  aerodynamic 
forcing  function  to  the  rotor  blade  row  was  determined 
with  a  rotating  cross  hot-wire  probe,  with  the 
aerodynamic  gust  generated  rotor  blade  surface 
unsteady  pressure  chordwise  distributions  measured 
with  embedded  ultra-miniature  high  response  dynamic 
pressure  transducers. 


The  detailed  IGV  wake  generated  unsteady 
aerodynamic  results  of  these  experiments  are 
summarized  in  the  following. 

Forcing  Function 

*  The  IGV  wake  forcing  function  shows  u 
dominant  36-per-rcv,  with  smaller  higher  hamionic 
content. 

Blade  Surface  .Steady  Pressures 

*  Steady  loading  affects  the  steady  pressure 
distribution  on  the  front  portion  of  the  blade 
pressure  surface  and  over  the  entire  suction 
surface. 

*  'Hie  unsteady  gust  amplitude  ratio  and  niagnitudi^ 
have  negligible  effect  on  the  steady  jncssui 
distribution. 

Pressure  Surface  Response 

*  The  unsteady  pressure  phase  data  are  nearly 
independent  of  the  steady  loading  level  and  the  gust 
amplitude  ratio  except  in  the  front  chord  region  at 
negative  mean  flow  inciilence. 

*  The  selected  unsteady  pressure 
nondimcnsionalization  compres.ses  the  magnitude 
data  with  regard  to  mean  flow  incidence  angle  tor 
each  gust  component  amplituile  ratio  except  in  the 
front  chord  region  for  negative  mean  How 
incidence. 

*  Increasing  the  gust  amplitude  ratio  results  in 
weaker  interactions  between  the  mean  and  unsteady 
flow  fields  in  the  front  chord  region  at  negative 
mean  tlow  incidence. 

*  Large  amplitude  gusts  reduce  this  interaction 
between  the  unsteady  gust  and  the  accelerating 
mean  flow  field. 

*  'The  magnitude  of  the  unsteady  pressure  response 
on  the  blade  pressure  surface,  i.c..  the  low  camfK*r 
surface,  is  thus  primarily  affected  by  the  level  of 
steady  loading  as  characterized  by  the  mean  flow 
incidence  angle  except  in  the  accelerating  mean 
flow  field  of  the  front  chord  region  at  negative 
mean  flow  incidence. 

■Suction  Surface  Response 

*  The  unsteady  pressure  phase  data  are  nearly 
independent  of  the  gust  component  amplitude  ratio, 
with  increased  mean  incidence  resulting  in  a  linear 
chordwise  distribution  which  corresponds  to  a  wave 
phenomenon  convecled  at  the  mean  axial  velocity  of 
the  flow  through  the  rotor  blade  row. 


81 


*  The  selected  unsteady  pressure 
nondimensionalization  does  not  compress  llie 
magnitude  data  with  regard  to  mean  flow  incidence 
angles. 

The  mid-to-aft  chord  magnitude  data  are  a 
strong  function  of  the  gust  amplitude  ratio,  with  the 
increase  in  magnitude  with  increasing  steady 
loading  becoming  smaller  with  increasing  gust 
amplitude  ratio. 

*  Large  amplitude  gusts  reduce  these  mean  flow 
field  interactions  with  the  unsteady  gust,  similar  to 
the  pressure  surface. 

The  magnitude  of  the  unsteady  pressure  response 
on  the  blade  suction  surface,  i.e.,  the  higher  camber 
surface,  is  thus  affected  by  both  the  steady  flow 
field  interactions  and  the  gust  amplitude  ratio. 

Unsteady  Pressure  Difference  Respon.se 

*  The  unsteady  pressure  difference  data  reflect  the 
effects  of  loading  on  the  pressure  and  suction 
surface  unsteady  data,  with  the  suction  surface 
effects  being  dominant. 

*  These  steady  loading  effects  cause  the  chordwise 
distribution  of  the  magnitude  and  phase  data  to 
differ  greatly  from  the  flat  plate  cascade 
predictions. 

*  The  lowest  steady  loading  level  data  was 
correlated  with  flat  plate  cascade  predictions,  with 
the  unsteady  aerodynamic  response  correlation 
being  fair. 
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Table  1.  Overall  airfoil  and  compressor 
characteristics 
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Figure  2.  Rotor  based  instrumentation 
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Figure  3.  Steady  pressure  chordwise  distributions  lor 
five  steady  loading  levels 


Figure  1.  Schematic  of  IGV  wake  generated  transverse 
and  streamwise  unsteady  velocities.  u+  a>id 
v+ 
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Figure  4.  Steady  loading  effect  on  blade  pressure 
surface  unsteady  response  for  a  nominal  1** 
harmonic  |u*/v*|  of  0.29. 


Figure  .*5.  Steady  loading  effect  on  blade  pressure 
surface  unsteady  response  for  a  nominal  |st 
hannonic  |u*/v*lof  0.37. 


Figure  6.  Steady  loading  effect  on  blade  pressure 
surface  unsteady  response  for  a  nominal  |st 
harmonic  |u*/v*l  of  0.45. 


Figure  7.  Steady  leading  effect  on  blade  pressure 
surface  unsteady  re.sponse  for  a  nominal  |st 
harmonic  |u*/v*l  of  0.55. 
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8.  Steady  loading  effect  on  blade  suction  surface 
unsteady  response  for  a  nominal  If't 
harmonic  tu*/v*j  of  0.29. 


Figure  10.  Steady  loading  effect  on  blade  suction  surface 
unsteady  response  for  a  nommal  1*1 
harmonic  |u*/v^  of  0.45. 
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9.  Steady  loading  effect  on  blade  suction  surface 
unsteady  response  for  a  nominal  l*t 
harmonic  ^*/v*]  of  0.37. 


Figure  1 1 .  Steady  loading  effect  on  blade  suction  surface 
unsteady  response  for  a  nominal  1** 
harmonic  |u*/v*lof  0.55. 
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Figure  12.  Steady  loading  effect  on  blade  unsteady 
pressure  difference  response  for  a  nominal 
I  St  harmonic  |u*/v*l  of  0.29. 


I-igurc  13.  Steady  loading  effect  on  blade  unsteady 
pressure  difference  response  for  a  nominal 
I  St  harmonic  tu*/v*l  of  0.37. 
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Figure  14.  Steady  loading  effect  on  blade  un.steady 
pressure  difference  response  for  a  nominal 
IS*  harmonic  tu*/v*l  of  0,45. 


Figure  15.  Steady  loading  effect  on  blade  unsteady 
pressure  difference  response  for  a  nominal 
IS*  harmonic  |u*/v^of  0.55. 
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Figure  16.  Steady  loading  effect  on  blade  pressure 
surface  response  for  large  amplitude  gusts 


Figure  17.  Steady  loading  effect  on  blade  suction  surface 
response  for  large  amplitude  gusts 
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Abstract 

CONSIDERABLE  progress  has  been  made  in  the  predic¬ 
tion  of  the  unsteady  aerodynamics  of  oscillating  airfoils. 
Tlic^e  analyses  are  typically  limited  to  inviscid  potential  flows, 
with  the  unsteady  flow  assumed  to  be  a  small  perturbation  to 
the  mean  flow  and  the  Kutta  condition  imposed.  By  consider¬ 
ing  the  airfoils  to  be  zero-thickness  flat  plates  at  zero  mean 
incidence,  the  steady  and  unsteady  flowHelds  are  uncoupled, 
with  the  steady  flow  being  uniform  and  parallel. 

In  this  paper,  an  analysis  is  develo(^  that  models  the 
unsteady  aerodynamics  of  an  harmonically  oscillating  flat- 
plate  airfoil,  including  the  effects  of  mean  flow  incidence 
angle,  in  an  incompressible  laminar  flow  at  moderate  values  of 
the  Reynolds  number.  The  unsteady  viscous  flow  is  assumed 
to  be  a  small  perturbation  to  the  steady  viscous  nowfield.  The 
nci'.uniform  and  nonlinear  steady  flowfield  is  described  by  the 
Navier-Stokes  equations  and  is  independent  of  the  unsteady 
flow.  The  jmall-perturbation  unsteady  viscous  flow  is  de¬ 
scribed  by  a  system  of  linear  partial  differential  equations  that 
are  coupled  to  the  steady  flowfield,  thereby  modeling  the 
strong  dependence  of  the  unsteady  aerodynamics  on  the 
steady  flow.  Solutions  for  both  the  steady  and  unsteady  vis¬ 
cous  flowfields  are  obtained  by  a  locally  analytical  method  in 
which  the  discrete  algebraic  equations  representing  the  flow- 
field  equations  are  obtained  from  analytical  solutions  in  indi¬ 
vidual  local  grid  elements. 

Tlie  locally  analytical  method  for  steady  two-dimensional 
fluid  flow  and  heat-transfer  problems  was  initially  developed 
by  Chen  et  ai.'-*  They  have  shown  that  it  has  several  advan¬ 
tages  over  rinite-difference  and  finite-element  methods,  in¬ 
cluding  being  less  dependent  on  grid  size,  with  the  system  of 
algebraic  equations  relatively  stable.  Also,  since  the  solution  is 
analytical,  it  is  differentiable  and  is  a  continuous  function. 

Contents 

For  harmonic  time  dependence  at  a  frequency  u,  the  nondi- 
nien.sional  continuity  and  Navier-Stokes  equations  in  terms  of 
<he  orticity  f  and  the  stream  function  i  are 

=  f»  +  =  Peikf,  +  Qf.  +  Of,)  (la) 

(Ib) 

•here  f  =  o,  —  ft,,  fi  =  0  =  —  /?e  =  C/*C/»  denotes  the 

|'*ynolds  number  based  on  the  airfoil  chord,  and  k  »  «C/l/» 
*  the  reduced  frequency. 
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microfiche,  S4.00;  hard  copy,  J9.00.  Rcmlliaiict  mast  accom- 
order. 
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The  equations  describing  the  steady  and  unsteady  viscous 
flows  are  determined  by  decomposing  the  flowfield  into  steady 
and  small-perturbation  harmonic  unsteady  components.  For 
the  unsteady  flow,  the  second-order  terms  are  neglected  as 
small  compared  to  the  first-order  terms. 

The  coupled  nonlinear  partial  differential  equations  de¬ 
scribing  the  steady  flowfield  are  independent  of  the  unsteady 
flow  as  shown  in  Eq.  (2).  The  vorticity  equation  is  nonlinear, 
with  the  stream  function  described  by  a  linear  Poisson  equa¬ 
tion  that  is  coupled  to  the  vorticity  equation  through  the 
vorticity  source  term.  The  pressure  also  is  described  by  a  linear 
Poisson  equation,  with  the  source  term  dependent  on  the 
steady  flowfield. 


+  (2a) 

oV  *  -  f  {2b) 

V^P  =  -2((/,f',  -  KU,)  {2c) 


where  U  and  k'  are  the  steady  chordwise  and  norma)  velocity 
components. 


Fig.  I  Dasteady  airfoil  sarfact  praaaarea  for  Rt  •  !•••  aod  4  deg 
lacWcncc. 
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n,.i  vwtatiM  of  the  iimiihianr  aerodyiiaarie  moaMiil  eoefflciciil 
with  cfaMk  axis  for  Re  m  lOtM  and  4  dcf  Incidence. 


The  coupled  linear  partial  differential  equations  describing 
the  unsteady  harmonic  flowfield  are  given  in  Eq.  (3).  The 
unsteady  flow  is  coupled  to  the  steady  flowfield.  In  particular, 
in  both  the  unsteady  vorticity  transport  and  pressure  equa¬ 
tions,  the  coefficients  are  dependent  on  the  steady  flowfield 
with  the  unsteady  stream  function  coupled  to  the  solution  for 
the  unsteady  vorticity. 

-  Pe(ki(  +  I/?,  +  V(j,  +  «f,  +  vfy)  (3a) 

(3b) 

+  VyUy)  -  (VyUy  +  (3c) 

where  /  »  V- 1,  and  u  and  v denote  the  unsteady  perturbation 
chordwise  and  normal  velocity  components. 

The  steady  flow  boundary  conditions  specify  no  slip  be¬ 
tween  the  fluid  and  the  surface  and  that  the  velocity  normal  to 
the  surface  is  zero.  For  the  unsteady  flow,  the  velocity  of  the 
fluid  must  be  equal  to  that  of  the  surfaces  and  the  unsteady 
chordwise  velocity  component  must  satisfy  a  no-slip  boundary 
condition.  For  a  flat-plate  airfoil,  executing  small-amplitude 
harmonic  torsion  mode  oscillations  about  an  elastic  axis  loca¬ 
tion  at  x„  measured  from  (he  leading  edge,  the  linearized 
normal  velocity  boundary  condition  in  Eq.  (4)  is  applied  on 
the  mean  position  of  the  oscillating  airfoil, 

v(x.  0)  ■  alik(x  -  x„)  +  C/.Je"  (4) 

where  a  is  the  amplitude  of  oscillation. 

Locally  analytical  solutions  for  the  unsteady  and  steady 
viscous  flowfields  then  are  developed.  In  this  method,  the 
disaete  algebraic  equations  that  represent  the  aerodynamic 
equations  are  obtained  from  analytical  solutions  in  individual 


local  grid  elements.  This  is  accomplished  by  dividing  the  (low. 
field  into  computational  grid  elements.  In  each  dement,  the 
nonlinear  convective  terms  of  the  steady  Navier-Stokes  equa¬ 
tions  are  locally  linearized.  The  nonlinear  character  of  the 
steady  flowfield  is  preserved  as  the  flow  is  only  locally  lia. 
eariz^,  that  is,  independently  linearized  in  individual  ^rid 
dements.  Analytical  solutions  to  the  linear  equations  describ- 
ing  both  the  steady  and  unsteady  flowfidds  in  each  dement 
then  are  determine.  The  solution  for  the  complete  flowfidd 
is  obtained  through  the  application  of  the  global  boundary 
conditions  and  the  assembly  of  the  locally  analytic  solutions. 

This  unsteady  viscous  flow  model  and  locally  analytical 
solution  are  us^  to  investigate  the  effects  of  Reynolds  num¬ 
ber,  mean  flow  incidence  angle,  and  reduced  frequency  on  the 
unsteady  aerodynamics  of  an  harmonically  osdllating  airfoil. 
Predictions  are  obtained  on  a  SO  x  3S  rectangular  grid  with 
Ax  -  0.02S  and  Ay  ••  0.02S  and  21  points  located  on  the  lir- 
foil.  The  convergence  criteria  for  the  stream  function  itera¬ 
tions  are  both  10~^,  with  the  vortidty  tolerance  being 
5  X  I0~*.  The  tolerances  for  the  pressure  iterations  are  10"‘ 
and  10~’  for  the  internal  and  external  iterations,  respectivdy. 
The  computational  time  averaged  440  CPU  on  the  Cyber  20S, 
with  an  average  of  160  iterations  for  the  stream  function  and 
vorticity  solutions  and  an  additional  160  iterations  for  the 
pressure  solution. 

The  chordwise  distributions  of  the  complex  unsteady  pres¬ 
sure  on  the  individual  surfaces  of  an  oscillating  airfoil  at 
four  degrees  of  incidence  and  a  Reynolds  number  of  '000 
is  presented  in  Fig.  I.  The  corresponding  classical  inMsdd 
Theodorsen  prediction^  is  also  shown.  Viscosity  has  a  large 
effect  on  the  complex  unsteady  surface  pressures,  particularly 
the  real  part,  over  the  front  part  of  the  airfoil.  In  particular, 
one  difference  between  the  two  solutions  is  that  the  viscous 
solution  is  Finite  at  the  leading  edge,  whereas  the  inviscid 
solution  is  singular. 

The  torsion  mode  flutter  stability  of  an  airfoil  is  determined 
by  the  imaginary  part  of  the  unsteady  aerodynamic  moment  in 
Eq.  (5).  Thus,  Fig.  2  shows  the  airfoil  stability  as  a  function  of 
the  elastic  axis  location,  with  the  reduc^  frequency  as 
parameter  at  a  Reynolds  number  of  1000  for  an  inciimce 
angle  of  4  deg,  together  with  Theodorsen ’s  inviscid  zero  inci¬ 
dence  results.  Viscous  effects  are  seen  to  generally  decrease  the 
relative  stability  of  the  airfoil  at  all  elastic  axis  locations,  witb 
the  largest  relative  decrease  in  airfoil  stability  associated  with 
the  lower  reduced  frequency; 

1  (/W  -  -  Xf,)  dx 

-  M  Jo  ^ 

*'  *  VipCW^k^T  ~ 
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Communicated  by  E.  Y.  Rodin 

AhMract — A  mathematical  model  is  developed  to  predict  the  unsteady  aerodynamics  of  a  flat  plate  airfoil 
executing  harmonic  torsional  motion  in  an  incompressible  laminar  flow  at  moderate  values  of  the 
Reynolds  number.  The  unsteady  viscous  flow  is  assumed  to  be  a  small  perturbation  to  the  steady  viscous 
flow  described  by  the  Navier-Stokes  equations.  Solutions  for  both  the  steady  and  the  unsteady  viscous 
flow  flelds  are  obtained  by  developing  locally  analytical  solutions.  This  model  is  then  utilized  to 
demonstrate  the  effects  of  Reynolds  number,  mean  flow  incidence  angle  and  reduced  frequency  on  the 
complex  unsteady  airfoil  surface  pressure  distributions  as  well  as  airfoil  stability. 


NOMENCLATURE 


=•  Imaginary  component  of  lift  coefficient 
~  Real  component  of  lift  coefficient 
Cy,  •  Imaginary  component  of  moment  coefficient 
C^,m  Real  component  of  moment  coefficient 
k  a  Reduced  frequency 
p  a  Dimensionless  unsteady  pressure 
P  a  Dimensionless  steady  preuure 
Re  a  Reynolds  number 

u  a  Nondimensional  unsteady  velocity  in  the  x  direction 

V  a  Nondimensional  steady  velocity  in  the  x  direction 
a  Magnitude  of  free-stream  velocity 

V  a  Nondimensional  unsteady  velocity  in  the  y  direction 


a  Elastic  axis  location 
X  a  Coordinate  in  the  mean  flow  direction 
y  a  Coordinate  in  the  normal  flow  direction 
Ax  a  Step  size  in  the  x  direction 
Ay  a  Step  size  in  the  y  direction 
a'  a  Amplitude  of  airfoil  oscillation 
O'  a  Nondimensional  unsteady  stream  function 
IP  a  Nondimensional  steady  stream  function 
{  a  Nondimensional  unsteady  vorticity 
(  a  Nondimensional  steady  vorticity 
tu  a  Frequency  of  oscillation 


INTRODUCTION 

Considerable  progress  has  been  made  in  the  prediction  of  the  unsteady  aerodynamics  of  oscillating 
airfoils.  These  analyses  are  typically  limited  to  inviscid  potential  flows,  with  the  unsteady  flow 
assumed  to  be  a  small  perturbation  to  a  uniform  mean  flow  and  the  Kutta  condition  imposed  on 
the  unsteady  flow  field.  By  considering  the  airfoils  to  be  zero  thickness  flat  plates  at  zero  mean 
incidence,  the  steady  and  unsteady  flow  flelds  are  uncoupled,  with  the  steady  flow  being  uniform 
and  parallel. 

Unsteady  aerodynamic  analyses  have  been  developed  which  include  the  effects  of  viscosity, 
thereby  removing  the  need  for  the  Kutta  conditions.  Yates  [I]  formulated  an  incompressible  viscous 
flat  plate  airfoil  theory  with  a  zero  thickness  boundary  layer.  Also,  the  low  Reynolds  number 
incompressible  Oseen  flow  model  has  been  used  to  calculate  zero  incidence  oscillating  flat  plate 
aerodynamics  [2, 4].  These  analyses  utilize  classical  aerodynamic  solution  techniques,  resulting  in 
integral  equation  solutions.  Although  such  classical  models  and  solution  techniques  are  of  value, 
advanced  numerical  techniques  permit  the  flow  physics  modeling  to  be  extended,  in  this  regard. 


tAFRAPT  trainee,  currently  at  Sundstrand  Turbomach. 
JAFRAPT  trainee. 
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unsteady  viscous  flow  models  are  being  developed  which  march  in  lime,  with  one  primary  interest 
being  the  patterns  of  the  unsteady  flow  [e.g.  4-6]. 

In  this  paper,  an  analysis  is  developed  which  models  the  unsteady  aerodynamics  of  an 
harmonically  oscillating  flat  plate  airfoil,  including  the  effects  of  mean  flow  incidence  angle,  in  an 
incompressible  laminar  flow  at  moderate  values  of  the  Reynolds  number.  The  unsteady  viscous  flow 
is  assumed  to  be  a  small  perturbation  to  the  steady  viscous  flow  held.  Hence,  the  Kutta  condition 
is  not  appropriate  for  either  the  steady  or  the  unsteady  flow  fields.  The  steady  flow  field  is  described 
by  the  Navier-Stokes  equations.  It  is  thus  nonuniform  and  nonlinear.  Also,  the  steady  flow  field 
is  independent  of  the  unsteady  flow  field.  The  small  perturbation  unsteady  viscous  flow  is  described 
by  a  system  of  linear  partial  differential  equations  that  are  coupled  to  the  steady  flow  held,  thereby 
modeling  the  strong  dependence  of  the  unsteady  aerodynamics  on  the  steady  flow.  Solutions  for 
both  the  steady  and  the  unsteady  viscous  flow  fields  are  obtained  by  developing  a  locally  analytical 
method  in  which  the  discrete  algebraic  equations  which  represent  the  flow  field  equations  are 
obtained  from  analytical  solutions  in  individual  local  grid  elements. 

The  concept  of  locally  linearized  solutions  was  applied  to  the  problem  of  the  steady  inviscid 
transonic  flow  past  thin  airfoils  by  Spreiter  and  Alksne  [7, 8]  and  subsequently  extended  to 
oscillating  airfoils  by  Stahara  and  Spreiter  [9].  The  locally  analytical  method  for  steady  two- 
dimensional  fluid  flow  and  heat  transfer  problems  was  initially  developed  by  Chen  ei  al.  [10-12] 
and  extended  to  unsteady  inviscid  airfoil  and  cascade  flow  fields  by  Chiang  and  Fleeter  [13].  Chen 
has  shown  that  this  method  has  several  advantages  over  the  finite  differences  and  finite  element 
methods.  For  example,  it  is  less  dependent  on  grid  size  and  the  system  of  algebraic  equations  is 
relatively  stable.  Also,  since  the  solution  is  analytical,  it  is  differentiable  and  is  a  continuous 
function  in  the  solution  domain.  The  disadvantage  is  that  a  great  deal  of  mathematical  analysis 
is  required  before  programming. 


MATHEMATICAL  MODEL 

The  two-dimensional  flow  past  an  isolated  airfoil  is  schematically  depicted  in  Fig.  1 ,  which  also 
defines  the  cartesian  x-y  coordinate  system.  For  harmonic  time  dependence  at  a  frequency  cu,  the 
nondimensional  forms  of  the  continuity  and  Navier-Stokes  equations  are  given  by 

M.  +  i;,  =  0,  (la) 

ku,  +  04.  +  ^,:=^  -P.  +  («„  +  a„ )/Re  (I b) 

and 

kv,  ■^m,-¥vv,  =  -p,  -y  (i?„  -I-  r,^)/Re,  ( Ic) 

where  Re  =  U^CIv  denotes  the  Reynolds  number,  and  k  =u)CIU^  is  the  reduced  frequency. 

There  are  three  dependent  variables,  the  two  velocity  components  and  the  pressure.  To  reduce 
the  number  of  dependent  variables,  a  vorticity,  C  stream  function,  i^,  formulation  is  utilized: 


v'f  -  C«  +  +  i’C) 

(2a) 

-  -r. 

(2b) 

where 

and  t)  =  -if,. 


Unsteady  small  perturbation  model 

For  a  flat  plate  airfoil  executing  small-amplitude  harmonic  oscillations,  the  flow  field  is 
decomposed  into  steady  and  harmonic  unsteady  components,  with  the  unsteady  component 
assumed  to  be  a  small  perturbation  to  the  steady  component: 

C(x,  f(jc,  y)  +  e''{(x,  y). 


(3a) 
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ll>(x,y.t)=*F(x,y)  +  e''\l/(x,y), 

(3b) 

iHx,y.t)=  U(x,y)  +  e“u(x,y), 

(3c) 

v(x,  y,  t)  =V(x,y)  +  e“r(jr,  y) 

(3d) 

and 

Pix.y.  t)  =  P(x.  y)  +  e‘‘p(x,  y). 

(3e) 

where 

u«U,  v«y,  p«P. 

The  equations  describing  the  steady  and  unsteady  viscous  flow  fields  are  determined  by 
substituting  equations  3(a-e)  into  equations  2(a,  b),  and  grouping  together  the  time-independent 
and  the  time-dependent  terms.  For  the  unsteady  flow,  the  second-order  terms  are  neglected  as  small 
compared  to  the  first-order  terms.  Also,  as  the  linearized  unsteady  flow  is  assumed  to  be  harmonic, 
the  exp(ir)  is  dropped,  for  convenience. 

The  resulting  coupled  nonlinear  partial  differential  equations  describing  the  steady  flow  field, 
equations  4(a-c),  are  independent  of  the  unsteady  flow.  The  vorticity  equation  is  nonlinear,  with 
the  stream  function  described  by  a  linear  Poisson  equation  which  is  coupled  to  the  vorticity 
equation  through  the  vorticity  source  term.  The  pressure  is  also  described  by  a  linear  Poisson 
equation,  with  the  source  terms  dependent  on  the  steady  flow  field: 

n  =  Re(£/C.  +  FC,). 

(4a) 

=  -c 

(4b) 

v^p  =  -2(u,y,-y,u,). 

(4c) 

The  resulting  coupled  linear  partial  differential  equations  describing  the  unsteady  harmonic  flow 
held  are  given  in  equations  5(a-c).  The  unsteady  flow  is  coupled  to  the  steady  flow  field.  In 
particular,  in  both  the  unsteady  vorticity  transport  and  pressure  equations,  the  variable  coefficients 
are  dependent  on  the  steady  flow  field  with  the  unsteady  stream  function  coupled  to  the  solution 
for  the  unsteady  vorticity: 

VH  =  Re(A:i4  +  Uli.  +  Vi,  +  uQ,  +  vC,),  (5a) 

VV  =  -if  (5b) 

and 

VV  =  -2{(M,K,  +  a,l/J-(i>.t/,  +  u,K,)l.  (5c) 

Steady  flow  boundary  conditions 

The  steady  flow  boundary  conditions  specify  no  slip  between  the  fluid  and  the  surface  and  that 
the  velocity  normal  to  the  surface  is  zero.  In  terms  of  the  stream  function  and  vorticity,  these 
boundary  conditions  are  specified  by 


V  =■  const 

on  solid  surfaces 

(6a) 

1 

1 

1 

1 

on  solid  surfaces. 

(6b) 

Unsteady  flow  boundary  conditions 

The  unsteady  boundary  conditions  require  that  the  velocity  of  the  fluid  is  eqiul  to  that  of  the 
surfaces.  For  a  flat  plate  airfoil  executing  small-amplitude  harmonic  torsion  mode  oscillations 
about  an  elastic  axis  located  at  measured  from  the  leading  edge,  the  linearized  normal  velocity 
boundary  condition  is  applied  on  the  mean  position  of  the  oscillating  airfoil,  and  is  given  by 

i;(jc, 0)  ■  -  jc„)  +  t/,]e*,  (7) 

where  oi'  is  the  amplitude  of  oscillation. 
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The  fluid  is  viscous.  Thus  the  unsteady  chordwise  velocity  component  must  satisfy  the  nonslip 
boundary  condition. 


u{.x,  0)  =  0. 


(8) 


LOCALLY  ANALYTICAL  SOLUTIONS 

The  locally  analytical  solutions  for  the  unsteady  and  steady  viscous  flow  fields  are  now 
developed.  In  this  method,  the  discrete  algebraic  equations  which  represent  the  aerodynamic 
equations  are  obtained  from  analytical  solutions  in  individual  local  grid  elements.  This  is 
accomplished  by  dividing  the  flow  field  into  computational  grid  elements.  In  each  individual 
element  the  nonlinear  convective  terms  of  the  Navier-Stokes  equations  which  describe  the  steady 
flow  are  locally  linearized.  The  nonlinear  character  of  the  steady  flow  field  is  preserved  as  the  flow 
is  only  locally  linearized,  that  is,  independently  linearized  in  individual  grid  elements.  Analytical 
solutions  to  the  linear  equations  describing  both  the  steady  and  the  unsteady  flow  fields  in  each 
element  are  then  determined.  The  solution  for  the  complete  flow  field  is  obtained  through  the 
application  of  the  global  boundary  conditions  and  the  assembly  of  the  locally  analytic  solutions 
in  the  individual  grid  elements. 


Steady  Flow  Field 


Steady  vorticity 

The  steady  vorticity  transport  is  described  by  equation  (4a)  which  is  nonlinear  because  of  the 
convective  terms  Uli,+  These  terms  are  locally  linearized  by  assuming  that  the  velocity 
components  U  and  V,  which  are  the  coefficients  of  the  vorticity,  are  constant  in  each  individual 
grid  element,  i.e.  locally  linearized: 


(9) 


where  A  and  B  are  constants  in  an  individual  grid  element,  taking  on  different  values  in  each  grid 
element.  The  resulting  locally  linearized  vorticity  equation  is 


2A(,  +  2BC,-C„  +  C,,.  (10) 

This  locally  linearized  equation  can  be  solved  analytically  to  determine  the  vorticity,  C.  in  a  grid 
element,  thereby  providing  the  functional  relationships  between  the  vorticity,  (,  in  an  individual 
grid  element  and  the  boundary  values  specified  on  that  grid  element.  This  vorticity  transport 
equation  is  elliptic.  Therefore,  to  obtain  a  unique  solution  for  the  typical  uniform  grid  element  with 
center  (x,,  y,).  Fig.  2,  boundary  conditions  must  be  specified  on  all  four  boundaries.  These 
boundary  conditions  are  expressed  in  an  implicit  formulation  in  terms  of  the  nodal  values  of  the 


y 

a 

y 

1 

I 

Fi|.  I.  Flow  field  Khemaiic. 


Fig.  2.  Typical  computational  grid  element. 
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vorticity  along  the  boundaries  of  the  element.  A  second-order  polynomial  is  used  to  approximate 
the  vorticity  on  each  of  the  boundaries; 


C(x,yo  + Ay)  =  af-|-ajx  -l-ajx^ 

(Ma) 

Uxa  +  Ax,y)  =  b{  -t-  bjy  -f  biy^ 

(11b) 

C(x,yo- Ay)  =  c{-|-c5x  -^c^x^ 

(lie) 

C(xo- Ax,y)  =  df-l-djy  +d5y^ 

(lid) 

where  af,  bf,  cf  and  df  are  constants  determined  from  the  three  nodal  points  on  each  boundary 
side  and  the  x  and  y  distances  are  alt  measured  from  the  center  of  the  element  (xo.yg). 

The  analytical  solution  to  equation  (10)  subject  to  the  boundary  conditions  (1  la-d)  is  determined 
by  separation  of  variables: 


=  {(Bi.sinh(E„x)-l-  Bi.cosh(E,.x)]sin(>lf.(^ -I- Ay)) 

I 

-I-  (BJ,  sinhl(Ei.y)  -i-  Bt.cosh(Ej,y)]sin(At,(x  -i-  Ax))}.  (12) 


Steady  stream  function 

The  locally  analytical  solution  for  the  stream  function  is  obtained  by  a  procedure  analogous  to 
that  used  for  the  vorticity.  First,  the  flow  region  is  subdivided  into  computational  grid  elements. 

The  stream  function  is  described  by  a  linear  Poisson  equation  which  is  coupled  to  the  vorticity, 
equation  (4b).  This  stream  function  Poisson  equation  is  also  elliptic.  Therefore,  to  obtain  a  unique 
analytical  solution  for  the  typical  grid  element,  continuous  conditions  must  be  specified  on  all  four 
boundaries.  As  for  the  vorticity  transport  equation,  continuous  boundary  conditions  are  repre¬ 
sented  in  an  implicit  formulation  in  terms  of  the  nodal  values  of  the  stream  function  by 
second-order  polynomials  in  x  or  y  as  measured  from  the  element  center  (x,,yo): 


y(Jt.7'o  + Ay)  =  af-l-a!|'x +  aifx*,  (13a) 

¥'(xo-l-Ax,y)-bf-l-b^y-t-bfy^  (13b) 

Ay)  =  ct-l-c}x -l-cjx’  (13c) 

and 

»'(x,-Ax,y)  =  df-l-dJy-hd!ry>.  (13d) 

where  af,  bf,  cf  and  df  are  constants  determined  from  the  three  nodal  points  on  each  boundary 
side. 

The  stream  function  equation  is  linear  and  possesses  a  nonhomogeneous  term,  -C(x,y),  which 
couples  the  stream  function  to  the  vorticity.  To  solve  equation  (4b)  subject  to  the  boundary 
conditions  (I3a-d),  it  is  divided  into  two  component  problems.  One  problem  has  a  homogeneous 
equation  with  nonhomogeneous  boundary  conditions,  whereas  the  second  problem  has  a  non¬ 
homogeneous  equation  with  homogeneous  boundary  conditions: 

+  (14) 

Problem  1: 


V'lP*  -  0 

V'‘(x,yo  -t-  Ay) »  af  -I-  af  X  -I-  af  x* 

V'*(Xo  -I-  Ax,y)  -  bf  -t-  bfy  -I-  bfx^ 

'f''(x,yo  -  Ay)  -  cf  -I-  cf  x  -t-  cfx^ 

1P‘(x-Ax,yo)-df-hdfy-l-dfy^  (15) 
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Problem  2: 

9''’(;ro  +  Ax,;')  =  0 
9''*(xo-Ajt,y)  =  0 
+ A>')  =  0 

<F\x.y^-Ay)^0.  (16) 

The  solutions  for  9**  and  y***  are  then  determined  by  separation  of  variables: 

f'(x,y)  =  i]  {(Btsinh(2f.jc)  +  Bt  cosh(At,jc))sin(At,(>-  +  Ay)) 

M  a  I 

+  [Bt.  sinh(2ty)  +  Bt,cosh(A5,y)]sin(Aj,(->c  +  Ajc)) 

+  [Gt  sinh(Aty )  +  Gt  cosh(Aty)  +  Gf.  +  Gty  +  GtyM 
X  sin(At,(jr  +  Ajc))}.  (17) 


Steady  velocity  and  pressure 

The  stream  function  is  continuously  dilTerentiable  across  the  grid  element.  Hence  the  U  and  V 
velocity  components  can  be  obtained  analytically  by  differentiating  the  stream  function  solution. 
The  solutions  for  C,  U  and  V  are  then  used  to  determine  the  pressure  in  the  flow  held  and  on 
the  boundaries.  Thus,  the  locally  analytical  solutions  for  the  velocity  components  and  the  pressure 
are  performed  as  post  processes. 


Unsteady  Flow  Field 


Unsteady  vorticity 

The  unsteady  vorticity  is  described  by  a  linear  partial  differential  equation  with  nonconstant 
coefficients,  equation  (5a).  In  particular,  the  unsteady  perturbation  velocity  coefficients  u  and  v  vary 
across  the  typical  computational  grid  element.  However,  the  steady  velocity  coefficients  U  and  V 
are  known  from  the  previously  determined  steady-state  solution  and  are  constant  in  the  typical  grid 
element,  as  specified  in  equations  4(a-c). 

To  determine  the  locally  analytical  solution  to  the  unsteady  perturbation  vorticity  equation,  it 
is  approximated  as  a  constant  coefficient  partial  differential  equation  in  individual  grid  elements. 
This  is  accomplished  by  assuming  that  the  perturbation  velocities  u  and  v  are  constant  in  each 
element: 


u 


Re’ 


(18) 


where  A'  and  B'  are  constant  in  each  individual  grid  element,  taking  on  different  values  in  different 
grid  elements. 

Thus,  the  following  linear  constant  coefficient  partial  differential  equation  defines  the  unsteady 
perturbation  vorticity  in  an  individual  compuutional  grid  element: 


At  I  •  Re{  2A^,  -I-  2B{,  +  (2A'C,  -I-  2B'C,)  (19) 

To  determine  the  analytical  solution  in  the  typical  grid  element,  equation  (19)  is  rewritten  as 
follows: 


-(2A(;,  -I-  2B{,)  -I-  -I-  -  S(x,  y). 


(20) 


where 


S(x, y)  -  (2A'C,  +  2B'C,  +  k  •  Re- iC). 
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It  is  then  transformed  to  an  homogeneous  equation  by  the  following  change  in  the  dependent 
variable: 


C(x,y)  =  ^(x,y)  + 


<-?)  ■ 


The  resulting  homogeneous  equation  is 

V*r=2AC  +  2BC. 


(21) 


This  equation  is  of  the  same  form  as  that  for  the  steady  linearized  vorticity,  equation  (10).  Thus, 
the  solution  for  ( is  obtained  in  a  manner  exactly  analogous  to  that  for  the  steady  vorticity,  C,  and 
is  given  by 

C(xo,yo)  =  z,(jfo  +  Ajc.  j'o  +  Ay  )C(Xo  +  A.v,  y^,  +  Ay) 

+  rj(jr(,  +  Ajc,  yo)f  (.Xo  +  Ax,  yu) 


+  2j(Xo  +  Ax.  yo  -  Ay)C  (x#  +  Ax,  yo  -  Ay ) 


+  Z4(-Xo.  ya  -  Ay )C  (x*.  y,.  -  Ay ) 

+  2j(xo  -  Ax,  yo  -  Ay)f  (xo  -  Ax,  yo  -  Ay ) 

+  ZoCxo  -  Ax.  yo)C^ (.Xo  -  Ax,  yu ) 

+  2,(Xo  -  Ax,  yo  +  Ay )^(Xo  -  Ax,  yo  +  Ay ) 

+  2,(xo,yo  +  Ay)r(0,  Ay),  (22) 

where  the  coefficients  z,  are  dependent  on  the  steady-state  velocity  components,  U  and  K 


Unsteady  stream  function 

The  unsteady  stream  function  is  described  by  equation  (Sb).  This  equation  is  identical  to  that 
for  the  steady  stream  function,  equation  (4b).  Hence,  the  solution  procedure  is  identical  to  that 
for  the  steady  stream  function.  As  the  coefficients  for  the  stream  function  are  only  a  function  of 
their  position  in  the  grid  element,  i.e.  Ax  and  Ay,  the  unsteady  coefficients  remain  the  same  as  those 
found  previously  for  the  steady  stream  function  V'(xo,yo).  Thus,  the  solution  for  the  unsteady 
stream  function  is  determined  from  the  steady  stream  function  solution,  equation  (17),  by  replacing 
y  by  ^  and  the  steady  vorticity  C  by  the  unsteady  vorticity  The  algebraic  equation  for  the  value 
of  the  unsteady  stream  function  at  the  center  of  the  typical  element  in  terms  of  the  values  of  the 
unsteady  stream  function  and  vorticity  at  its  eight  neighboring  values  is  given  by 

<li(Xo,  yo) »  pf  lAlxb  +  Ax,  y#  -I-  Ay)  -(-pji^(x,  +  Ax,  y#) 

+ P  J  ^  (-xo  +  Ax,  yo  -  Ay )  -h  p  J  ^  (xo ,  yo  -  Ay ) 

+ Pf  (xb  -  Ax,  yo  -  Ay )  -(-  pS  ^  (xo  -  Ax,  yo) 

+P'f  V' (Xo  -  Ax,  yo -i- Ay )  +  pf  ^ (xo,  yo  +  Ay ) 

+  <lU(Xo  -I-  Ax.yo  +  Ay)  +  qtUxo  +  Ax.y*) 

+  9 1  d  (xo  +  Ax,  yo  -  Ay )  -»-  9}  (J  (xo,  yo  -  Ay ) 

+  ??<!(Xo  -  Ax. y#  -  Ay)  -I- {(x,  -  Ax,  yo) 

+  <iU(xo  -  Ax.yo  -I-  Ay)  -I-  qti(xt,  yo  +  Ay) 

+  ?t{(xo,Po)-  (23) 

Unsteady  velocity  and  pressure 

The  unsteady  velocity  components  u  and  v  are  determined  by  differentiating  the  unsteady  stream 
function,  with  the  locally  analytical  solution  for  the  unsteady  pressure  determined  by  a  post 
process. 
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RESULTS 


The  small  perturbation  unsteady  viscous  flow  model  and  locally  analytical  solution  are  utilized 
to  investigate  the  effects  of  Reynolds  number,  mean  flow  incidence  angle  and  reduced  frequency 
on  the  unsteady  aerodynamics  of  a  harmonically  oscillating  airfoil.  These  results  are  presented  in 
the  form  of  the  unsteady  pressure  distributions  on  the  surfaces  of  the  oscillating  airfoil  and  the 
complex  unsteady  aerodynamic  lift  and  moment  coefficients,  defined  below: 


(PlOWtf  Puppet  ^ 

'ipcU^K^n 


(24a) 


and 


M 


\pc^U^k^n 


r 

_  Jt-O 


(Plowcr  dx 


[pc^U^k^n 


(24b) 


Predictions  are  obtained  on  a  50x  35  rectangular  grid  with  Ax  =0.025  and  Ay  =0.025. 
Twenty-one  points  are  located  on  the  flat  plate  airfoil.  The  convergence  criteria  for  the  internal 
and  external  iterations  for  the  stream  function  are  both  10'*,  with  the  vorticity  tolerance  being 
5- 10‘^  The  tolerances  for  the  pressure  iterations  are  10'*  and  10  ’  for  the  internal  and  external 
iterations,  respectively.  The  computational  time  averaged  440  CPU  on  a  Cyber  205,  with  an  average 
of  160  iterations  for  the  solutions  of  the  stream  function  and  vorticity  and  an  additional  160 
iterations  for  the  pressure  solution. 


Fi|.  3.  Unsteady  airfoil  surface  pressure  for  Re  •  SOO  and  0°  incidence. 
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Unsteady  airfoil  surface  pressures  for  Re  «  1000  and  O'  incidence  Fig  3.  Unsteady  airfoil  surface  pressures  for  Re  >  300  and  4'  incidence. 


Predicting  the  unsteady  aerodynamics  of  an  oscillating  airfoil 


717 


Fig.  8.  Variation  of  the  imaginary  aerodynamic  moment 
coefficient  with  the  elastic  axis  for  Re  •  300  and  O' 
incidence. 


Fig.  9.  Variation  of  the  imaginary  aerodynamic  moment 
coeincient  with  the  elastic  axis  for  Re  >  1000  and  0 
incidence. 


The  chordwise  distributions  of  the  complex  unsteady  pressure  on  the  individual  surfaces  of  an 
oscillating  airfoil  at  0"',  4°  and  8°  of  incidence  and  Reynolds  numbers  of  500  and  1000  are  presented 
in  Fig.  3-7.  The  corresponding  classical  inviscid  Theodorsen  predictions  [14]  are  also  shown. 

Viscosity  is  seen  to  primarily  affect  the  complex  unsteady  surface  pressures  over  the  front  and 
rear  portions  of  the  airfoil.  It  should  be  noted  that  one  essential  difference  between  the  two 
solutions  is  that  the  viscous  one  is  finite  at  the  leading  edge,  whereas  the  inviscid  solution  is  singular. 

Increasing  the  Reynolds  number  from  500  to  1000  results  in  a  small  increase  in  the  absolute 
magnitude  of  the  complex  unsteady  pressures  on  the  front  part  of  the  airfoil  surface.  For  nonzero 
incidence  angle  values,  neither  the  real  nor  the  imaginary  components  of  the  chordwise  unsteady 
pressure  distributions  are  symmetric,  with  this  nonsymmetry  increasing  with  increasing  incidence 
angle.  Also,  as  the  incidence  angle  is  increased,  the  pressure  difference  between  the  two  airfoil 
surfaces  at  the  trailing  edge  is  increased. 

The  torsion  mode  flutter  stability  of  an  airfoil  is  determined  by  the  imaginary  part  of  the 
unsteady  aerodynamic  moment  if  there  is  no  mechanical  damping.  Thus,  the  effects  of  incidence 
angle,  Reynolds  number  and  reduced  frequency  on  the  imaginary  part  of  the  moment  coefficients 
are  considered  in  Figs  8-1 1  together  with  Theodorsen's  inviscid  zero  incidence  results.  In  particular, 
these  figures  present  the  imaginary  part  of  the  unsteady  aerodynamic  moment  coefficient  as  a 
function  of  the  elastic  axis  location,  with  the  reduced  frequency  as  parameter  at  Reynolds  numbers 
of  500  and  1000  for  incidence  angles  of  0°  and  4'’.  Also,  the  effects  of  Reynolds  number  and 
incidence  angle  on  the  complex  unsteady  aerodynamic  lift  and  moment  on  an  airfoil  with  a 
quarter-chord  elastic  axis  location  are  presented  in  Table  I. 

In  this  inviscid,  incompressible  flow  held,  the  minimum  relative  stability  is  found  when  the  elastic 
axis  is  located  in  the  mid  to  aft  chord  region  of  the  airfoil.  As  the  reduced  frequency  is  increased 
from  1 .0  to  2.4,  the  relative  stability  of  the  airfoil  is  decreased,  with  the  location  of  the  elastic  axis 
for  minimum  relative  stability  moving  aft  with  increasing  values  of  the  reduced  frequency. 

Viscous  effects  are  seen  to  generally  decrease  the  relative  stability  of  the  airfoil  at  all  elastic  axis 
locations  at  both  0°  and  4°  of  incidence.  The  largest  relative  decrease  in  airfoil  stability  is  associated 
with  the  lower  reduced  frequency  value.  Also,  increasing  the  Reynolds  number  from  500  to  1000 
results  in  a  decrease  in  the  relative  airfoil  stability.  In  fact,  at  zero  incidence,  the  airfoil  becomes 
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Fig.  10.  Varialioa  of  (be  imaginary  aerodynamic 
moment  coefficient  with  (he  elastic  axis  for  Re  -  SOO  and 
4°  incidence. 


Fig.  II.  Variation  of  the  imaginary  aerodynamic 
moment  coefficient  with  the  elastic  axis  fur  Re  =  1000 
and  4"  incidence. 


Tabk  I.  UiutcMly  aerodynamic  lift  and  moment  coefficients  for  •  25% 
and  4  a>  1 .6 


Lift 

Momeni 

Cu 

Cu 

Cw, 

Thcodorwti 

-1.523 

-2.271 

+0.375 

-1.25 

Viicoiu  iolver,  t  m  0 

Re -500 

-0.375 

-1.680 

0602 

-0.868 

Re  -  1000 

-0433 

-1.735 

0.593 

-0.929 

ViKOut  solver,  a  «  4 

Re -500 

-0.419 

-1.687 

0.517 

-0.913 

Re  -  1000 

-1.002 

-1  462 

-0.024 

-0.741 

Vitcoui  Mlver,  a  -  8 

Re -500 

-0.438 

-1  568 

0.400 

-0.908 

unstable  for  all  reduced  frequency  values  with  an  elastic  axis  located  at  7S%  chord  at  a  Reynolds 
number  of  1000.  Increasing  the  value  of  the  incidence  angle  results  in  an  increase  in  the  relative 
stability  of  the  airfoil.  However,  at  a  Reynolds  number  of  1000  with  an  elastic  axis  at  75%  chord, 
the  airfoil  is  still  unsuble  at  a  reduced  frequency  value  of  1 .0,  the  lowest  value  considered. 

SUMMARY  AND  CONCLUSIONS 

A  mathematical  model  has  been  developed  to  predict  the  unsteady  aerodynamics  of  a  flat  plate 
airfoil  executing  harmonic  torsional  motions  in  an  incompressible  laminar  flow  at  moderate  values 
of  the  Reynolds  number.  The  unsteady  viscous  flow  is  assumed  to  be  a  small  perturbation  to  the 
steady  viscous  flow  which  is  described  by  the  Navier-Stokes  equations.  Thus,  the  steady  flow  is 
nonuniform  and  nonlinear  and  is  also  independent  of  the  unsteady  flow  held.  The  small 
perturbation  unsteady  viscous  flow  field  is  described  by  a  system  of  linear  partial  differential 
equations  that  are  coupled  to  the  steady  flow  field,  thereby  modeling  the  strong  dependence  of  the 
unsteady  aerodynamics  on  the  steady  flow. 

Solutions  for  both  the  steady  and  the  unsteady  viscous  flow  fields  are  obtained  by  developing 
a  locally  analytical  solution.  In  this  approach,  the  discrete  algebraic  equations  which  represent  the 
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flow  field  equations  are  obtained  from  analytical  solutions  in  individual  local  grid  dements.  The 
complete  flow  field  solutions  are  then  obtained  through  the  application  of  the  global  boundary 
conditions  and  the  assembly  of  the  local  grid  element  solutions.  This  model  and  locally  analytical 
solution  were  then  utilized  to  demonstrate  the  effects  of  Reynolds  number,  mean  flow  incidence 
angle,  reduced  frequency  value  and  elastic  axis  location  on  the  complex  unsteady  airfoil  surface 
pressure  distributions  and  also  on  the  torsional  stability  of  the  airfoil. 

Viscosity  was  shown  to  have  a  large  effect  on  the  complex  unsteady  surface  pressures, 
particularly  the  real  part,  over  the  front  part  of  the  airfoil.  Also,  the  real  part  of  the  inviscid 
unsteady  pressure  is  greatly  increased  in  magnitude  as  compared  to  the  viscous  predictions  over 
the  front  half  of  the  airfoil,  with  the  imaginary  part  of  the  viscous  and  inviscid  solutions  of 
approximately  the  same  magnitude  aft  of  the  airfoil  leading  edge  inviscid  singularity.  In  terms  of 
airfoil  stability,  viscous  effects  were  shown  to  generally  decrease  the  relative  stability  of  the  airfoil, 
with  the  largest  decrease  associated  with  the  low  reduced  frequency  value.  Increasing  the  Reynolds 
number  caused  a  decrease  in  the  relative  stability  of  the  airfoil  stability,  whereas  increasing  the 
incidence  angle  results  in  increased  airfoil  stability. 
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Abstract 

An  analysis  is  developed  to  predict  the  turbulence  ftenerated  single-degree-of-freedom  bending  and  torsion  mode  vibrational 
response  of  a  turbomachine  blade  row  operating  in  a  subsonic  compressible  flow  field.  The  turbulence  is  assumed  to  be  random 
in  the  neighborhood  of  the  blade  natural  fre<|uency  of  interest  and  to  generate  a  laige  number  of  constant  amplitude,  harmonic, 
unsteady  aerodynamic  lift  forces  and  moments  on  the  blading  with  equally  distributed  frequencies.  The  resulting  random  airfoil 
vibrations  thus  occur  at  tlie  blade  natural  frequency.  The  unsteady  aerodynamics  generated  by  the  blade  response,  i.e.,  the  aero¬ 
dynamic  damping,  as  well  as  the  effect  of  blade  aerodynamic  coupling  are  also  considered. 


Nomenclature  Subscripts 


C  airfoil  chord 

Cth  unsteady  aerodynamic  translation  lift  coef¬ 
ficient 

Cmq  unsteady  aerodynamic  torsional  moment  co¬ 
efficient 

I  mass  moment  of  inertia 

k  reduced  frequency 

L  unsteady  lift 

M  unsteady  moment 

q  airfoil  translational  velocity 

U  freestream  velocity 

Xo  elastic  axis  location 

0  interblade  phase  angle 

5  a  lot  <1^0  due  to  aerodynamic  damping 

5n,  log  dec  due  to  mechanical  damping 
Z}  excitation  frequency 
(oq  airfoil  torsional  natural  frequency 
(Oh  airfoil  translational  natural  frequency 


h  translation 

a  torsion 

Introduction 

The  vibrational  response  of  turbomachinery 
blading  to  aerodynamic  excitations  is  one  of  the 
most  troublesome  problems  in  the  development 
of  advanced  gas  turbine  engines.  When  the  exci¬ 
tation  source  is  periodic,  for  example  due  to  a  fixed 
obstruction  in  the  flow  field,  Campbell  diagrams 
III  are  utilized  to  predict  the  operating  conditions 
at  which  aerodynamically  forced,  constant  ampli¬ 
tude,  blade  vibrations  will  (xxur.  However,  flow 
induced  vibrational  response  problems  are  also 
generated  by  nonperiodic  random  aercxlynamic 
excitation  sources.  In  particular,  turbulence  can 
generate  random  amplitude  vibrations  at  the  blade 
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Fit.  1.  Pariodic  and  random  btada  vibrational  ratponta. 


natural  frequency,  as  depicted  schematically  in 
Figure  I.  This  problem  was  initially  considered 
by  Whitehead  121  from  the  point  of  view  of  de¬ 
termining  the  bending  mode  aerodynamic  damp¬ 
ing  of  an  isolated  airfoil  in  an  incompressible  flow 
field. 

In  this  paper,  an  analysis  is  developed  and  uti¬ 
lized  to  predict  the  turbulence  generated  bending 
and  torsion  mode  vibrational  response  of  a  turbo¬ 
machine  blade  row  operating  in  a  subsonic  com¬ 
pressible  flow  field.  Thus,  the  modeling  of  refe¬ 
rence  131  is  extended  herein  to  the  more  realistic 
and  important  cases  of  torsional  response  modes, 
subsonic  compressible  flow  flelds,  and  to  cascaded 
airfoils.  A  strip  theory  representation  of  the  blade 
row  is  utilized,  with  the  vibrational  characteristics 
of  the  typical  two-dimensional  blade  section  mo¬ 
deled  as  a  damped  translation  or  torsion  mode 
single-degree-of-freedom  system.  The  turbulence 
is  the  aerodynamic  forcing  function  and  is  assumed 
to  be  random  over  the  range  of  frequencies  near 
the  airfoil  natural  frequency  of  interest.  The  basis 
of  this  model  is  to  then  consider  the  turbulence 
to  generate  a  large  number  of  constant  amplitude, 
harmonic,  unsteady  aerodynamic  lift  forces  and 
moments  on  the  airfoils  with  uniformly  distributed 
frequencies.  The  resulting  random  airfoil  vibra¬ 
tions  thus  occur  at  the  airfoil  natural  frequency. 


with  the  power  spectra  of  the  turbulence  generated 
airfoil  unsteady  aerodynamic  excitation,  Sg,  and 
the  resulting  blade  displacement,  Sg,  having  the 
form  depicted  schematically  in  Figure  2. 

Airfoil  Response  Model 

The  representative  two-dimensional  airfoil  sec¬ 
tion  is  modeled  as  a  mass-spring-damper  system. 
Figure  3,  with  the  single-degree-of-freedom  trans¬ 
lation  and  torsion  mode  equations  of  motion  given 
in  Equation  1 . 


d>h  ^  mwh«m  dh  ^  i.  ,  ... 
*  - : —  ^  ^  =  L(t) 


da  Jo^a^m  da  .  2  . 

•“IF 


where  m  denotes  the  airfoil  mass,  Iq  is  the  mass 
moment  of  inertia,  5,^  is  the  log  decrement  of 
the  airfoil  vibration  due  to  mechanical  damping, 
uh  and  Uq  are  the  translation  and  torsion  mode 
airfoil  natural  frequencies,  respectively,  and  L(t) 
and  M(t)  represent  the  unsteady  aerodynamic  lift 
forces  and  moments. 
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FREOUENCY,  - 

Ftg.  2.  Schematic  po«ver  spectra  of  turbulence  excltetion 
and  airfoil  responta. 


where  L  and  M  are  complex  constants  and  w  de¬ 
notes  the  airfoil  natural  frequency  of  interest,  either 
cjh  or  Wq. 

The  response  induced  unsteady  aerodynamic 
forces  and  moments  are  expressed  in  conventional 


nondimensional  form. 

^response  “  UCqC[j| 

(3a) 

Mresponse  = 

(3b) 

where  Cli,  and  are  the  nondimensional  com¬ 
plex  coefOcients  defining  the  lift  due  to  translation 
and  the  moment  due  to  torsion,  respectively,  acting 
on  the  airfoil. 

The  airfoil  equations  of  motion  specified  in 
Equation  (4)  are  obtained  by  assuming  the  airfoil 
translational  and  torsional  responses  to  be  harmonic 
at  the  excitation  frequency  u  and  substituting 
Equations  (2)  and  (3)  into  Equation  (1). 


The  turbulence  generates  harmonic  unsteady 
aerodynamic  lift  forces  and  moments  which  excite 
the  airfoil,  thereby  driving  the  random  airfoil  re¬ 
sponse  at  the  harmonic  excitation  frequency,  w|, 
or  Ugi-  Thus,  the  unsteady  aerodynamic  forces 
and  moments  acting  on  the  airfoil,  L(t)  and  M(t), 
are  each  modeled  as  comprised  of  two  components; 
(1)  those  due  to  the  unsteady  aerodynamic  forcing 
function,  i.e.  the  turbulence;  (2)  those  induced 
by  the  resulting  airfoil  random  response,  i.e.,  the 
aerodynamic  damping.  These  are  specified  in  Equa¬ 
tion  (2); 

L(t)  -  )e***’*  (2a) 


(^response  ^turbulence  J®'**^* 


turbulence 


Elf.  3.  Airfoil  lection  vibretionel  model. 
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where  k  =  cJCI2U  is  the  reduced  frequency  and 
X  =  m/ff/oC*  is  the  mass  ratio. 

The  following  translation  and  torsion  airfoil 
displacements  are  then  determined  by  considering 
the  system  to  be  lightly  damped. 

h  =  - Lturbulen^/tn - 


'turbulence' *Q 


1 


where: 


.a  1,.  .  Im(CLh) 

Wv  =  11  +  — : - 

’•  ''  2kx 


»3  5  ,, 


5  — ffRe(CLh) 

Ah  ’ 

_  Im  (Cmo  ) 

A®  4k*  X 

and  6^1,  and  6^^®  are  the  log  decrement  of  the  airfoil 
motion  in  translation  and  torsion  due  to  aerodynamic 
damping. 

Random  Response  Power  Spectra 

For  the  case  being  considered  herein,  the  forcing 
function  is  completely  random  in  the  neighbor¬ 
hood  of  the  airfoil  natural  frequency  of  interest. 
Thus,  the  excitation  power  spectrum,  Sp,  is  con¬ 
stant,  per  Figure  2. 

The  power  spectrum  of  the  response  is  a  function 
of  the  excitation  power  spectrum.  For  a  random 
excitation  with  power  spectrum  Se.  the  following 
response  power  spectra  are  determined  from  Equa¬ 
tions  (5)  /3,  4/.  These  are  also  of  the  form  depicted 
in  Figure  2. 

Sg/m* 


^Ra  “ 


If 


The  response  autocorrelation  functions  given 
in  Equation  (7)  are  determined  from  the  Fourier 
transforms  of  the  response  power  spectra.  These 
have  the  form  of  a  decaying  vibration. 


X  exp  (  - - 1  cos(a;^T  )  (7a) 

2it 


=  j— - 


X  exp  [ 


-w£,r(6m  +6Aa) 


lcos(w^r)  {7b) 


The  mean  square  of  the  responses  are  then  de¬ 
termined  by  setting  r  =  0  in  Equation  (7). 


«Rh(0)  =  =  --a--,,  — -  (»>•) 

2ni  +  5^^  ) 


_2  ^  Se 

^Ra^®^  =  O  -  — j  3—  —  - 

2'a‘^a(«m^®Aa) 


To  this  point  in  the  analysis,  it  has  been  assumed 
that  only  one  airfoil  in  the  blade  row  is  responding 
to  the  turbulence.  However,  for  the  case  of  iden¬ 
tical  blades,  all  of  the  blades  will  be  excited.  In 
particular,  all  of  the  blades  will  respond  at  a  con¬ 
stant  amplitude  but  with  a  blade-to-blade  phase 
difference,  0.  Values  for  this  interblade  phase  angle 
are  determined  by  the  number  of  blades  in  the 
row:  P  =  2)rn/N  where  1  <  n  <  N  and  N  is  the  num¬ 
ber  of  blades  in  a  given  row. 

Because  the  random  forces  and  moments  acting 
6n  each  airfoil  are  uncorrelated,  the  power  spectra 
on  each  blade  are  constant  and  equal:  Se^  =  Se/N. 
Thus,  for  each  interblade  phase  angle  value,  the 
power  spectra  can  be  written  per  Equation  (9). 


Ill 
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-  Yh)*  MRc{Cl,^1)’ 


(9a) 


Y.  =  2kx[(  — )■  -  IJ; 


16SEk"x* 


(Re[C 


MOfl 


-Y„)^+(ImlCM^^J)* 


(9b) 


where 


Y„  *  2kxl(  — )  -  II; 


Y„»4k*X((  — )  -  IJ 


W/, 


Y„  =  4k^x[(  — )  -  IJ 


In  general,  there  are  a  large  number  of  blades 
in  the  row.  Therefore  the  sums  appearing  in  Equa¬ 
tion  (10)  can  be  replaced  by  an  integral. 


VYh)  =  ^x 


X  ; 


dp 


(11a) 


Since  the  vibration  at  each  interblade  phase 
angle  is  uncorrelated,  the  power  spectrum  of  the 
motion  of  any  one  airfoil  is  the  sum  of  the  power 
spectra  of  the  motion  in  each  possible  interblade 
phase  angle. 


4SEk*x* 

Srh  =  -W  Sh(YH) 
m 


^Ra  “ 


IbSEk^x’ 

-^V-SaCYa) 


wlwre: 


1  N 

Sh(Yh)  =  2  X 

’’  N  n-l 


(lOa) 


(10b) 


Sa(Y„)  =  ^  X 


X  / 


dP 


(lib) 

For  the  special  case  wherein  only  one  airfoil 
responds  to  the  turbulence,  the  unsteady  aero¬ 
dynamics  are  independent  of  the  interblade  phase 
angle  /5/.  The  values  of  Sh(Yh)  and  Sj,(Yq()  then 
reduce  to  the  following: 


5  (Y  )  =  _ ! _ 

(ImlCu,l-Y^)’+(RelCu,])^ 

(12a) 


(«»nl(CLh^)-Yj»+(Re(Cu,0)l* 


Sa(Y„)  »  4  2.  X 


1  g 

N  n«l 


”  (RelCMal  -  Ya)*  +  (IhiICm^])* 

(12b) 
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where; 

I  In 

“  17  0^  ; 

I  lit 

“  17  0-*^ 


Results 

The  mathematical  model  developed  herein  is 
utilized  ‘  to  demonstrate  the  turbulence  excited 
vibrational  response  of  a  turbomachine  blade  row 
operating  in  a  subsonic  compressible  flow  field. 
For  this  study,  the  motion  induced  unsteady  aero¬ 
dynamics  are  based  on  a  flat  plate  airfoil  cascade 
executing  harmonic  translation  or  torsion  mode 
oscillations  in  an  inviscid,  compressible,  flow  field 
161.  The  parameters  modeled  include  the  cascade 
solidity  and  stagger  angle,  the  torsion  mode  elastic 
axis  location,  the  Mach  number,  the  reduced  fre¬ 
quency,  and  the  interblade  phase  angle. 


The  turbulence  excited  translation  and  torsion 
mode  responses  of  the  blade  row  are  demonstrated 
in  Figures  4  and  5,  respectively.  For  these  parti¬ 
cular  operating  conditions,  the  torsion  mode  re¬ 
sponse  amplitude  is  larger  than  the  bending  one. 
Also,  aerodynamic  coupling  of  the  blades  increases 
the  amplitude  of  response  for  both  modes  of  vib¬ 
ration,  but  particularly  the  torsion  mode.  This 
larger  effect  on  the  torsion  mode  response  is  re¬ 
lated  to  the  fact  that  torsion  mode  flutter  is  pos¬ 
sible  in  this  flow  regime  and,  therefore,  the  relative 
aerodynamic  damping  in  torsion  may  be  less  than 
that  in  translation.  This  is  considered  in  the  fol¬ 
lowing. 

The  torsion  mode  flutter  boundary  for  the  case 
of  no  structural  damping  can  be  calculated  from 
the  motion  induced  unsteady  aerodynamics.  In 
particular,  when  the  imaginary  part  of  the  moment 
coefficient  is  zero,  the  cascade  has  no  aerodynamic 
damping  and  flutter  is  predicted.  Figure  6  shows 
the  flutter  boundary  determined  from  the  unsteady 
aerodynamic  analysis  of  reference  /6/  in  the  format 
of  the  reduced  frequency  versus  the  torsional  elastic 
axis  location. 


Fif.  4.  Turfaulanc*  excited  trantlnion*l  airfoil  raiponta. 


RESPONSE 

—  SINGLE  BLADE 

-  ALL  BLADES 
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The  significant  effect  of  flutter  margin  and  aero¬ 
dynamic  damping,  i.e.,  blade  row  operation  near 
to  the  flutter  boundary,  is  now  demonstrated.  This 
is  accomplished  by  considering  the  turbulence  in¬ 
duced  torsion  mode  airfoil  response  near  to  and 
far  from  the  flutter  boundary.  Figure  7.  As  the 
elastic  axis  location  is  moved  aft  from  the  airfoil 
leading  edge  and,  thus,  the  torsional  flutter  bound¬ 
ary  is  approached,  the  amplitude  of  the  response 
increases,  with  a  factor  of  two  difference  between 
the  10%  and  the  40%  chord  elastic  axis  positions. 
This  is  due  to  the  decreased  aerodynamic  damping 
as  the  flutter  boundary  is  approached. 

The  significance  of  aerodynamic  coupling  of 
the  blading  is  also  apparent  in  Figure  7.  In  parti¬ 
cular,  for  the  10%,  20%  and  30%  chord  elastic  axis 
positions,  there  is  no  difference  in  the  predicted 
amplitudes  of  response  for  (I)  the  case  with  no 
aerodynamic  coupling  and  a  single  blade  respond¬ 
ing  and  (2)  aerodynamic  coupling  with  all  blades 
responding.  However,  very  near  to  the  flutter  bound¬ 
ary  with  the  elastic  axis  located  at  40%  chord,  the 
blading  response  to  the  turbulence  is  significantly 
greater  for  the  case  of  aerodynamic  coupling  and 
all  blades  vibrating  than  the  corresponding  single 
blade,  no  aerodynamic  coupling,  situation. 


Summary  and  Conclusions 

An  analysis  has  been  developed  and  utilized 
to  predict  the  turbulence  generated  bending  and 
torsion  mode  vibrational  responses  of  a  turboma¬ 
chine  blade  row  operating  in  a  subsonic  compres¬ 
sible  flow  Held.  The  basis  of  this  model  is  consi¬ 
dering  the  turbulence  to  generate  a  large  number 
of  constant  amplitude,  harmonic,  unsteady  aero¬ 
dynamic  forces  and  moments  with  uniformly  dis¬ 
tributed  frequencies  on  the  blading.  This  model 
also  includes  the  unsteady  aerodynamics  generated 
by  the  blade  response,  i.e.,  the  aerodynamic  damp¬ 
ing,  as  well  as  the  effects  of  blade  aerodynamic 
coupling. 

This  model  was  then  utilized  to  investigate  tur¬ 
bulence  generated  translation  and  torsion  mode 
forced  vibratory  response  of  a  blade  row  operating 
in  a  subsonic  compressible  flow  Held.  Aerodynamic 
coupling  of  the  blades  increased  the  amplitude 
of  response  for  both  the  torsion  and  translation 
modes  of  vibration,  but  particularly  the  torsion 
mode.  This  larger  effect  on  the  torsion  mode  re¬ 
sponse  was  shown  to  be  due  to  the  decreased  level 
of  aerodynamic  damping  as  the  flutter  margin  of 
the  blade  row  is  decreased.  In  particular,  for  the 


Pig.  7.  Effect  of  flutter  mergin  on  tortionsl  airfoil  response. 
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cas'i  of  turbulence  excited  torsion  mode  response, 
as  the  flutter  margin  is  decreased:  (I)  the  ampli¬ 
tude  of  the  forced  response  is  increased;  (2)  the 
aerodynamic  coupling  of  the  airfoib  significantly 
increased  the  amplitude  of  response  in  the  nei^- 
borhood  of  the  flutter  boundary. 
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Abstract 

A  mathematical  model  is  developed  to  analyze  the  viscous 
aerodynamics  of  an  harmonically  oscillating  flat  plate  airfoil 
cascade  in  an  incompressible  laminar  How.  The  steady  flow 
field  is  described  by  the  Navier-Stokes  equations,  with  the 
unsteady  viscous  tlow  modeled  as  a  small  perturbation  to  this 
steady  flow.  Solutions  for  both  the  steady  and  the  unsteady 
viscous  How  fields  are  then  obtained  by  developing  locally 
analytical  solutions.  The  significant  effects  of  Reynolds 
number,  elastic  axis,  interblade  phase  angle  and  incidence  angle 
on  the  oscillating  cascade  unsteady  aertxlynamics  and  torsional 
llutter  characteristics  are  then  denvxtstnted. 

Nomenclature 

airfoil  chtxd 

tiitsteady  moment  coefficient 
reduced  frequency,  (u  C  /  Uo. 

Reynolds  number,  UooC  /  v 
cascade  spacing 
free-stieam  velocity  magnitude 
elastic  axis  location 
mean  flow  direction  ctxxdinate 
nonttal  flow  direction  ctxirdiitaie 
itK'an  airloil  posiiitHt 

X  direction  step  size 
y  direction  step  size 
center  of  grid  elenteni 
ItK'an  flow  incidence  angle 
amplitude  of  airfoil  nscillatitm 
interblade  phase  angle 
nondtntcnsional  unsteady  stream  fuction 
nondintensional  steady  stream  fuction 
nondiittensional  unsteady  vorticily 
nondinK’nsional  steady  vorticily 
cascade  stagger  .ingle 

Introduction 

Airfoil  and  airfoil  cascade  unsteady  aerodynamics  are 
fuiidanienial  research  areas  of  interest  to  a  variety  of 
applications,  with  turbomachinery  design  being  of  particular 
interest  herein.  As  a  result,  considerable  progress  has  been 
made  in  predicting  the  unsteady  aerodynamic  response  of  an 
airfoil  cascade.  Initially  such  unsteady  aertxlynamic  analyses 
were  restricted  to  thin  airfoil  potential  flow  theory,  with  the 
unsteady  flow  assumed  to  be  sntall  as  compared  to  the  mean 
steady  potential  flow  field.  In  addition,  the  airfoils  were 
ctMtsulcrcd  to  be  flat  plates  at  zero  iiKan  incideiKC.  Thus,  the 
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unsteady  aerodynamics  become  uncoupled  front  the  steady 
now,  leading  to  a  model  wherein  the  How  is  linearized  about  a 
uniform  parallel  Row.  Solutions  were  obtained  with  clas.sical 
airfoil  techniques,  resulting  in  analytical  solutions  in  the  form 
of  integral  equations.  A  model  of  this  type  which  has  found 
widespread  application  to  turbomachines  is  that  developed  by 
Whitehead  j  I ).  This  model  analyzes  the  incompressible 
inviscid  unsteady  aertxlynamics  of  a  cascade  of  Oat  plate 
airfoils  at  zero  incidence. 

Although  such  classical  models  and  integral  techniques  are 
important,  the  development  of  numerical  methods  ts  enabling 
the  mathematical  mrxJeling  to  be  extended  and  enhanced,  file 
various  numerical  methods  utilized  to  solve  partial  differential 
equations  are  distinguished  from  one  another  by  the  means 
used  to  derive  the  corresponding  algebraic  representation  of  the 
dilferential  equations.  In  finite  difference  methods,  Taylor 
series  expansion  and  control  volume  formulattoiis  are  most 
often  used.  For  finite  clement  methods,  variational 
formulations  and  the  method  of  weighted  residuals  arc 
employed.  In  the  liKally  analytical  method,  the  discrete 
algebraic  equations  are  obtained  from  the  analytical  solution  in 
each  individual  l(K'al  grid  eleiiKnl. 

The  varitHis  numerical  techniques  have  enabled  the  inviscid 
unsteady  potenttal  flow  through  an  airfoil  cascade  to  be 
analyzed,  for  example  References  2  through  S,  with  these 
icchnii|ues  beginning  to  be  utilized  to  predict  uiisieaily  viscous 
flows,  Relerences  6  through  9.  In  this  regard,  SchriK'der  and 
Fleeter  1 10|  developed  a  model  and  l(x;ally  analytical  solution  to 
predict  the  unsteady  viscous  aertxlynamics  of  an  isolated  Hat 
plate  airftiil  executing  harmonic  torsional  motions  in  an 
incompressible  laminar  flow  at  low  Reynolds  number  values. 

In  this  paper,  the  effects  of  Reynolds  number,  mean 
incidence  angle,  clastic  axis  and  interblade  phase  angle  on  the 
incompressible  viscous  unsteady  aerodynamics  and  the 
resulting  effect  on  the  cascade  torsional  flutter  cluracicnsiics 
are  generated  by  the  hamxinic  torsional  nxitions  tif  a  Hat  plate 
airfoil  cascaile  analyzed  This  is  acciimplislieil  bv  ilcvclo''"'','  .i 
mathematical  nxxJel  which  signiFicanily  extends  the  nxHlcling 
and  ItKally  analytical  solution  initially  proposed  in  Reference 
10.  In  particular,  the  mtxJel  developed  herein  analyzes  the 
steady  viscous  flow  at  nxxlerate  values  of  the  Reyixilds  number 
past  a  flat  plate  airfoil  cascade  and  the  unsteady  viscous 
aertxlynamic  interaction  of  this  steady  flow  field  iti  hannonic 
torsional  motion.  Tlie  unsteady  viscous  How  is  .issiimcd  to  be 
a  small  perturbation  to  the  steady  viscous  flow.  The  steady 
flow  field,  described  by  the  Navier-Stokes  equations,  is 
nonuniform  and  nonlinear  and  is  also  independent  of  the 
unsteady  flow.  The  small  perturbation  unsteady  viscous  flow 
field  is  described  by  a  system  of  linear  panial  differential 
equations  that  are  coupled  to  the  steady  How  field,  thereby 
nxxlcling  the  strong  dependence  of  the  unsteady  aerixlynanucs 
on  the  steady  flow. 


Locally  analytical  solutions  for  both  the  steady  and  the 
unsteady  viscous  flow  fields  are  developed.  In  this  iik'iIuhI, 
the  discrete  algebraic  equations  which  represent  the  steady  and 
unsteady  flow  field  equations  are  obtained  from  analytical 
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soluiionsi  in  individual  grid  elements.  Locally  analytical 
^lutions  arc  then  developed  by  applying  these  .solutions  to 
individual  grid  elements,  with  the  integration  and  separation 
constants  detemtined  front  the  txHindary  conditions  in  each  grid 
element.  The  complete  flow  field  solutions  are  obtained 
through  the  application  of  the  global  boundary  conditions,  it 
should  be  noted  that  the  nonlinear  character  of  the  complete 
steady  flow  field  is  preserved  as  the  flow  is  only  locally 
linearized,  i.e.,  independently  linearized  solutions  arc  obtained 
in  individual  grid  elenKnts. 


The  two-dimensional  flow  field  together  with  the  cartesian 
coordinate  system  are  schematically  depicted  in  Figure  1.  For 
harmonic  time  dependence  at  frequency  (u,  the  flow  field  is 
described  by  the  nondimensional  continuity  and  Navier-Siokcs 

equations,  written  in  terms  of  the  voniciiy,  ^  and  the  stream 

function,  V,  in  Equation  I. 


(1;„ 

2- 

V  V  =  tlb) 

where  v,-Uy  and  u  =  yy;v  =  -y,. 

The  flow  field  is  decomposed  into  steady  and  harmonic 
unsteady  components,  with  the  unsteady  component  assumed 
to  be  a  small  penurbaiion  to  the  steady  component. 

C(x.y.‘)  =  4(*.y)  +  e“C(!;.y)  (2at 

yU,y.t)*4'(x,y)  +  e"v(x.y)  (2b) 

u()t.y.«)=*U(x,y)  +  e"u(x,y) 

v(x.y,t)  =  V(x.y)  +  e"v(x,y)  (2d) 

p(x,y,l)  =  P(x.y)  +  e“p(x.y)  (2el 


^  y  «  y,  u  «  U,  V  «  V,  p  «  P 


The  equations  describing  the  steady  and  unsteady  viscous 
flow  fields  are  determined  by  substituting  Equation  2  into 
^nation  I ,  and  grouping  together  the  time  independent  and  the 
time  dependent  terms.  For  the  unsteady  flow,  the  second  wder 
terms  are  neglected  as  small  compared  to  the  first  order  terms. 
Also,  as  the  linearized  unsteady  flow  is  assumed  to  be 
harmonic,  the  expfit)  is  dropped,  for  convenience. 

The  resulting  coupled  nonlinear  partial  differential  equations 
describing  the  steady  flow  field,  Equaiion  3,  ore  independent  of 
the  unsteady  flow.  The  voniciiy  equaiion  is  nonlinear,  with  the 
stream  function  described  by  a  linear  Poisson  equation  which  is 
coupled  to  the  voniciiy  equation  through  the  voniciiy  source 
term.  The  pressure  is  also  described  by  a  linear  Poisson 
equation  with  the  source  terms  dependent  on  the  steady  flow 
field. 


V*4»Re(u^,+  V4y) 


V  'P  =  -^ 


V  P-2(u.Vy-V.Uy) 


IIk  resulting  coupled  linear  panial  differential  equations 
dc.scribing  the  unsteady  liariiionic  How  field  are  given  in 
l-inialioii  4.  'I'he  unsteady  flow  is  coupled  to  ihc  steady  How 
field.  In  particular,  in  txiih  liic  unsteady  voniciiy  iraiis|>on  and 
pressure  equations,  the  variable  coefficients  are  dependeni  on 
ihc  steady  flow  field  with  the  unsteady  stream  function  coup  ed 
to  the  solution  for  the  unsteady  voniciiy. 

v'c  =  Re|ki;+u4.+  u;.+  v4^+v;J 
2 

V  v=-^  (41)) 


7  p=2  (u,Vy+VyU.)-(v,Uy+UyV. 


The  steady  fltiw  boundary  conditions  specify  that:  ( 1 )  there 
is  no  slip  between  the  fluid  and  the  airfoil,  and  (2)  the  fluid 
velocity  noniial  to  ihe  stationary  airfoils  is  zero  on  the  airfoil 
surfaces. 


U=  V  =  0 


on  airfoil  surfaces 


A  stream  function  and  voniciiy  fonnulaiion  is  being 
utilized.  Thus  corresponding  sireain  function  and  voniciiy 
boundary  conditions  must  be  specified.  1'hese  are  delermined 
from  the  defiiiilions  of  the  stream  function  and  the  voniciiy  in 
conjunction  with  lupiaiion  5.  The  steady  stream  fiinclioii  is 
defined  by  ‘Py  =  1)  and  'Kx  =  -V  Since  U  and  V  are  tioili  zero 
on  die  airfoil,  *P  miisi  lie  a  constant  on  the  airt'oil  surfaces.  The 
voniciiy  is  defined  as  ^  =  Vx  -  Uy.  Since  V  is  constant, 

namely  zero,  on  the  airfoil,  Vx  is  zero,  and  therefore  ^  =  -  Uy 
on  the  airfoil  surfaces. 


Y  =  constant 
^  ® -Uy  ~“'^yy 


on  airfoil  surfaces 
on  airfoil  surfaces 


The  passage-to-pa$sage  periodicity  of  the  cascade  is 
achieved  by  extending  the  computational  flow  field  of  a  typical 
single  passage  one  grid  element  in  the  normal  direction  at  the 
top  and  bottom  of  the  passage  and  then  applying  the  calculated 
values  at  the  upper  and  lower  boundaries.  The  passage-io- 
passage  stream  function  values  differ  by  a  constant  while  the 
passage-io-passage  voniciiy  values  are  the  same.  The 
periodicity  boundary  conditions  are  given  in  Equation  8. 

'P(x,-Ay)  =  'P(x,S-Ay)  -  constant  (8a) 

'P(x,S+Ay)  =  'P(x.Ay)  +  constant  (8h) 

4(x,-Ay)  =  ^(x,S-Ay)  (8<.) 

4(x,S  +  Ay)  =  Ux.Ay)  (8d! 

where  *P  (  -  S  )  -  *P  (  -  <»,  0  )  is  a  constant  and  A  y  is 
the  grid  increment  in  the  y  direction. 

The  periodic  boundary  conditions  arc  shifted  by  the  cosine 
of  the  stagger  angle  (  ^  )  in  the  x-direction  for  the  staggered 
cascade.  Figure  2.  The  flow  field  is  extended  in  both  the 
upstream  and  downstream  directions  to  allow  the 
nonoverlapping  grid  section  to  be  treated  as  far  field  boundary 
conditions. 

The  inlet  and  exit  far  field  boundary  conditions  for  the 
cascade  steady  flow  are  developed  below.  The  far  field  inlet 
flow  is  uniform  for  both  the  zero  and  nonzero  mean  flow 
incidence  flows,  as  specified  in  the  following  boundary 
conditions. 
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4(x-»-°«.y)  =  0  (9;,) 

4'(x-»-<»,y)  =  y  ^libi 

When  the  mean  flow  incidence  angle  is  zero.  U  =  I,  V  =  - 

4'x  =  0.  and  =  0  define  the  cascade  exit  far  field  flow  field. 
Thus  (he  cascade  exit  far  field  boundary  conditions  arc  given  in 
Equation  10. 

M>(x_*oo.y)  =  4'(oo_Ax.y)  (10a) 

^(x-»<»  .y)  =  4('"-Ax.y)  (lOb) 

where  A  x  is  the  grid  increment  in  the  x  direction. 

With  a  nonzero  mean  flow  incidence  angle,  neither  U  nor  V 
is  zero  in  the  exit  far  field.  The  far  field  exit  flow  is  assumed  to 
be  uniform,  defined  by  =  0.  For  the  stream  function  far 
field  exit  boundary  condition  a  Taylor  series  expansion  is  used 
in  both  the  nonttal  and  streamwise  directions.  These  far  field 
exit  boundary  conditions  are  given  in  Equation  1 1 . 


The  unsteady  periodic  cascade  boundary  conditions  arc 
developed  analogous  to  the  steady  ones  and  take  into  account 
the  constant  specified  interbiade  phase  angle.  ().  Ilic  mode)  is 
extended  one  grid  clement  in  the  normal  direction  at  the  top  and 
bottom  of  a  typical  single  blade-io-blade  passage,  litis  allows 
the  computational  grid  to  overlap  at  the  top  anid  bottom  of  the 
single  passage.  Calculated  values  are  then  used  at  the  upper 
and  lower  boundaries.  Figure  2.  The  passage-to-passage 
stream  function  values  differ  by  a  constant  while  the  passage- 
to-passage  vorticity  values  are  the  same.  Equation  16.  The 

constant  interbiade  phase  angle,  [1,  defines  the  airfoil-to-airfoil 
differences  in  the  unsteady  aertxlynaniics.  with  the  unsteady 
aerodynamics  on  adjacent  airfoils  differing  by  jl.  The 
interbiade  phase  angle  is  defined  by  the  number  of  blades  on 
the  rotttr.  Thus,  the  periodic  unsteady  cascade  boundary 
conditions  arc  specified  by  changing  the  upper  and  lower 
houndary  conditions  to  reflect  the  interbiade  phase  angle. 

qr  f  X  ,  -A  y  )  = 

(ylx.S-Ay)  -  constant )  /  (cos  P  -r  i  sin  P)  (16a) 


4*  (X  oo,y  )  =  {'H  (  oo_A  x.y)  -  V  dx 

+  q/  ( oo.y  +  A  y)  -  U  dy)  /  2 


y  t'  X  .  S  -fA  y  )  = 

( lla)  (y  (  X , A y  )  -r constant )  •  (cos  P  +  i  sin  p) 


(16b) 


4(x-»oo  .y)  =  5(oo_Ax,y)  (lib) 

The  flow  is  steady  in  the  upstream  and  downstream  far 
field.  Hence  the  unsteady  far  field  boundary  conditions  requite 
the  far  field  perturbation  velocity  to  be  zero.  Neumann 
boundary  conditions,  analogous  to  the  steady  boundary 
Conditions,  are  thus  applied  to  the  stream  function.  Equation 
I2u.  Also,  the  fur  field  unsteady  velocity  components  and 
vorticity  are  zero.  Equation  12b. 

y  =  const.mt  Far  Field  (12at 

u=:v  =  ^  =  0  Far  Field  (12b) 


u(x.-Ay)  =  u(x,S-Ay)y  (cos  P  -t-  i  sin  P) 
u(x,S  +  Ay)  =  u(x,Ay)*  (cos  p  -t-  i  sin  p) 
v(x,-Ay)  =  v(x,S-Ay)  /  (cos  P  -t-  i  sin  p) 
v(  x.S+Ay)  =  v(x,Ay)*  (cos  p  -f  i  sin  P) 


I'he  unsteady  boundary  conditions  on  the  airfoil  surfaces 
specify  that  the  velocity  of  the  fluid  is  equal  to  that  of  the 
surfaces.  For  a  flat  plate  airfoil  cascade  executing  small 
anipliiude  harmonic  torsion  mode  oscillations  about  an  elastic 
axis  ItKated  at  Xgy  as  measured  from  the  leading  edge,  the 
linearized  normal  velocity  boundary  condition  is  given  in 
l'a|uation  1 .1.  This  boundary  condition  is  applied  on  the  mean 
position  of  the  oscillating  airfoils,  y^. 


C(x.-Ay)  =  ^(x,S-Ay)  /  (cos  p  -h  i  sin  P) 

4(x.S-i-Ay)  =  ^(x.Ay)*  (cos  P  +  i  sin  P) 
where  y  ( -  °o,  s  )  -  y  (  -  oo^  0  )  is  a  constant. 


(1 6c) 

(I6d) 

(16e) 
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(16g)- 


(I6h) 


V  (x.yn,)  =  a'  k  Uo„  +  O'  (  i  k  (  X  -  x^a  )  I 


If; 


Ixicallv  Analytical  Solutions 


where  a’  is  the  amplitude  of  oscillation,  and  k  =  is  the 
reduced  frequency. 

The  fluid  is  viscous.  Thus  the  unsteady  chordwisc  vckicity 
component  must  satisfy  the  no  -  slip  boundary  condition 
applied  on  the  mean  position  of  the  oscillating  airfitil.  Equation 


u<’‘*ym)  =  0  (14) 

I'he  unsteady  stream  function  and  vorticity  airfoil  surface 
boundary  conditions  correspending  to  these  unsteady  velocity 
boundary  conditions  are  as  follows. 


a'k 


l/.x-H 


X 

2 


C  (*.ym)  =  a'  i  k  -  Uy  (x.yn,) 


(15a) 

(1.5b) 


Locally  analytical  solutions  arc  obtained  for  the  unsteady 
and  steady  viscous  flow  fields.  In  this  methrxl,  (he  discrete 
algebraic  equations  which  represent  the  aerodynamic  equations 
are  obtained  from  analytical  solutions  in  individual  local  grid 
elements.  This  is  accomplished  by  dividing  the  flow  field  into 
computational  grid  elements.  In  each  individual  element  the 
nonlinear  convective  lernis  of  the  Navier-Siokes  equations 
which  describe  the  steady  flow  are  locally  linearized.  The 
nonlinear  character  of  the  steady  flow  is  preserved  as  the  flow 
is  only  locally  linearized,  that  is,  independently  linearized  in 
individual  grid  elements.  Analytical  solutions  to  the  linear 
equations  describing  both  the  steady  and  the  unsteady  flow 
fields  in  each  clement  are  then  detemtined.  The  solution  for  the 
coiopicte  flow  field  is  obtained  through  (he  application  of  the 
global  boundary  conditions  and  the  assembly  of  the  locally 
analytic  soluiitNts  in  tite  individual  grid  elements. 

Slcittly  FU>w  Field 


3 


The  steady  vorticity  transpon  is  described  by  Equation  3 
which  is  nonlinear  because  of  the  convective  terms  U  4x  5^ 
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4y.  niesc  icmis  are  IcKally  linearized  by  assuming  thai  tlw 
vel(x:ily  cnmpoiienis  U  and  V,  which  are  die  cuefncieiiis  of  die 
vorticiiy,  arc  constant  in  each  individual  grid  element,  that 
liKally  linearized. 


(:7) 


where  A  and  B  are  constants  in  an  individual  grid  element, 
taking  on  different  values  in  each  grid  element. 


The  resulting  locally  linearized  vorticity  equation  is  given  in 
Equation  18.  This  locally  linearized  equation  is  solved 
analytically  to  determine  the  steady  vonicity,  in  a  grid 
element,  thereby  providing  the  functional  relationships  between 
the  vorticity  in  an  individual  grid  element  and  the  boundary 
values  specifted  on  that  grid  element. 


2  A^*  +  2B4y  =^xx  +  ^yy  ' 

This  vorticity  transport  equation  is  elliptic.  Therefore,  to 
obtain  a  unique  solution  for  the  typical  unifomt  grid  element 
with  center  (xQ.yo),  Figure  3,  boundary  conditions  must  be 
specified  on  all  four  boundaries.  These  boundary  conditions 
are  expressed  in  an  implicit  formulation  in  terms  of  the  nodal 
values  of  the  vorticity  along  the  boundaries  of  the  element.  A 
second-order  polynomial  is  u.sed  to  approximate  the  vonicity  on 
each  of  the  boundaries. 

^  (x,yo+Ay)  =  a  ( 4  x  +  33^  x^  ( I  *>) 

4  (Xo+Ax,y)  =  bj^  +  b2^  y  +  b3^  y~ 

4  (x.yo'Ay)  =  C|^  +  C2^  x  +  03^  x2 
^  +■  d2^  y  +  dt^  y- 

where  aj^,  dj^  are  constants  detemiined  from  the  three 

nodal  points  on  each  boundary  side  and  the  x  and  y  distances 
are  all  measures  from  the  center  of  the  element  (xo,y„). 

The  analytical  solution  to  Equation  18  subject  to  the 
boundary  conditions  specified  in  Equation  19  is  detemiined  by 
separation  of  variables. 


Ux.y)  =  e*''‘*“>''2;  I  lBt„sinh(E,„x|  (20) 

+  B^cosh  (E,rf()|  sin  (x^Jy  +  Ay)) 

+  [B^sinh  (Ej^j-i-  B|,cosh  (E^))  sin  jxjjx  +  Ax)) 

The  locally  analytical  solution  for  the  stream  function  is 
obtained  by  a  procedure  analogous  to  that  used  for  the  vonicity 
after  subdividing  the  flow  region  into  computational  grid 
elements. 

The  steam  function  is  described  by  a  linear  Poisson 
equation  which  is  coupled  to  the  vonicity  and  also  is  elliptic. 
Equation  3b.  Therefore,  to  obtain  a  unique  analytical  solution 
for  the  typical  grid  element,  continuous  conditions  must  be 
specified  on  all  four  boundaries.  As  for  the  vonicity  transport 
^uarion,  continuous  boundary  conditions  are  represented  in  an 
implicit  formulation  in  terms  of  the  nodal  values  of  the  stream 
function  by  second-order  polynomials  in  x  or  y  as  measured 
from  the  center  of  the  element  (xo,yQ). 


*•' (x.yo+^y)  =  “I't' +  32*1' X  +  33^  x2  ,21) 

*P  (Xo+Ax,y)  =  biV  +  biV  y  +  h3V  y2 
•P  (x.y„  Ay)  =  +  c2V  x  +  c3yV 

*P  ( kj,-Ax,y)  =  d  I V  +  d2'P  y  +  d3V  y- 

whcic  ajV,  bjV,  ciV,  diV,  are  constants  detemiined  from  the 
three  mxlal  points  on  each  boundary  side. 

I'hc  stream  function  equation  is  linear  and  posses.ses  a 
nonhomogeneous  term,  -4  (x,y),  which  couples  the  stream 
lunction  to  the  vorticity.  To  solve  Equation  .3b  subject  to  the 
boundary  conditions  specified  in  Equation  21,  it  is  divided  into 
two  component  problems.  One  problem  has  a  homogeneous 
equation  with  nonhomogeneous  boundary  conditions,  whereas 
the  second  problem  has  a  nonhomogeneous  equation  with 
honxigencous  boundary  conditions. 

*P  =  ‘pa  +  ‘pb  (22) 


Pioblem  1; 

V2  vpa  =  0 

(x.yo+Ay)  =  ajV  +  a2V  x  +  a3V  k- 
'Pa  (x„+Ax,y)  =  bjV  b2V  y  +  b3V  y2 
*P“(x.yo-Ay)  =ciV  +  C2V  x  +  c3yV  x2 

‘P:*  ( x„-Ax,y)  =  d  ]  V  +  d2V  y  -r  d3 V  y2 

Problem  2: 

V2  ‘pb  =  -^(x.y) 

‘Pb  (x,yo+Ay)  =  () 

‘Pb  (Xo+Ax.y)  =  0 
yb  (x.yo-Ay)  =  0 

*Pl»  (xo-Ax,y)  =  0 


The  solutions  for  ‘P®  and  4*^  are  then  determined  by 
separation  of  variables. 


Gr«+G^y  +  G5,y' 

I'he  sueam  function  is  continuously  differentiable  across 
the  grid  element.  1  lence  the  U  and  V  velocity  components  can 
be  obtained  analytically  by  differentiating  the  stream  function 

solution.  The  solution  for  4*,  4.  U  and  V  are  then  used  to 
determine  the  pressure  in  the  flow  field  and  on  the  boundaries. 
Thus,  the  locally  analytical  solutions  for  the  velocity 
components  and  the  pressure  are  determined  as  post 
processes. 


A 
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I  'listcailv  Flow  rield 

The  iinsieaily  voniciiy  is  described  by  a  linear  pariiai 
dilleremial  cipuuiou  with  nonconsvam  cncfficiems  u  and  v  vary 
across  ihe  typical  computational  grid  element.  I  lowevcr.  the 
steady  vcl(x:ity  ctx:fficicnts  U  and  V  are  knowit  1‘rom  the 
previously  detcniiined  steady  state  .solutittn  iind  are  constant  in 
the  typical  grid  element,  as  specified  in  l-quation  17. 

To  determine  tlie  locally  analytical  solution  to  the  unsteady 
perturbation  vorticity  cquatitMi,  it  is  approximated  us  a  constant 
coefficient  partial  differential  equation  in  individual  grid 
elements.  This  is  accomplished  by  assuming  that  the 
perturbation  velocities  u  and  v  are  constant  in  each  element. 


tlhv 


where  A'  and  B'  are  constant  in  each  individual  grid  element, 
taking  on  different  values  in  different  grid  elements. 

The  resulting  linear  constant  coefficient  partial  differential 
equation  defines  the  unsteady  perturbation  vorticity  in  an 
individual  computational  grid  element. 

kM*Re  C  +  2A  +  2B  +  (2A'  +  2B'  ^y)  (27) 

=  Cxx  ^yy 

1'u  determine  the  analytical  solution  in  the  typical  grid 
clement,  Hqualion  27  is  rewritten  as  a  homogeneous  equation. 


v';  =  2A;.+  2n;, 


|2S) 


wlterc; 


and  S  (x,y)  =|'2A'4,+  2B'4y+  k*Rc*i  s) 


Ihe  tiii.ieady  slitam  funciion  is  de.scrihed  by  liquation  -4I). 
I  his  equation  is  identical  to  that  for  the  steady  stream  function. 
Tt|uation  .^b.  Hence,  an  identical  solution  pr<x;edure  is  utilized 
As  llw  C(x:tftcieius  for  the  stream  fune.titm  are  only  a  function  of 

their  position  in  the  grid  element,  that  is.  Ax  and  Ay,  the 
unsteady  ctK-fficients  remain  the  same  as  tho.se  found 
previously  for  the  steady  stream  function  *P  (xQ.y,,).  riius,  the 
solution  for  the  unsteady  stream  function  is  determined  from 
the  steady  stream  function  solution,  liquation  25,  by  replacing 

*P  by  y  and  the  steady  vorticity  4  by  the  vorticity  The 
algebraic  equation  for  the  value  of  the  unsteady  stream  function 
at  the  center  of  the  typical  eleiixrm  in  terms  of  the  values  of  die 
unsteady  stream  function  and  vorticity  at  its  eight  neighboring 
values  is  given  in  Equation  30. 

v(xcvyo)  =  pT'i'(*o+^**yo+^y)  +  P2 '<'(*o+^*-yo) 


+  P^v| 

[x„+Ax.y„-Ay|  + 

P4  V| 

[xirYo-V) 

+  P.^vl 

[x„-Ax,y„-Ay|  + 

PfTvl 

jx„-Ax.y||j 

+  pf  VI 

|x„-Ax,y„+Ay|  + 

Pff'l' 

(x,ry„+.\y) 

-.rc( 

x„+Ax,yj,+Ayj  + 

‘iTcf 

x„+Ax.>„) 

x„+As.y,rAy)  + 

‘.Tc( 

X. V') 

x„-Ax,y„-Ayj  + 

‘iM 

-hTc( 

x,-Ax,y„+Ayj  + 

X(ryo+-'y) 

+  qx^y,,) 


The  unsteady  veliKity  components  u  and  v  are  determined 
by  diffeientiating  the  unsteady  stream  function,  with  the  l(x:ally 
analytical  solution  for  the  unsteady  pressure  determined  by  a 
post  process. 


This  equation  is  of  the  same  form  as  that  for  the  steady 

linearized  vorticity.  Equation  IK.  Thus,  the  solution  for  (,  is 
obtained  in  a  manner  exacMly  analogous  to  that  for  the  steady 

vorticity,  and  is  given  in  Equation  29. 

C|x.y|=  Z|(x+Ax.y+Ay);(x+Ax,y+Ay) 

+  z-}(x+Ax,y)  ^  (x+Ax,y) 

+  z^jx+Ax.y-Ay)  ^(x+Ax,y-A) ) 

^  Z4(x.y-Ay)^|x.y-Ay) 

+  Z5(x-Ax,y-Ay)^(x-Ax,y-Ay) 

+  z^(x-Ax.y)^{x-Ax,y) 

+  Z7(x-Ax,y+Ay)^(x-Ax,y+Ay) 

+  zg(x.y+Ay)c(x,y+Ay) 

where  the  coefficients  z)  are  dependent  on  the  steady  state 
veUcity  components,  U  arid  V. 


Results 

The  unsteady  viscous  flow  mtxlel  and  the  l(x:ally  analytical 
solutions  developed  herein  are  utilized  to  demonstrate  the 
effects  of  modcruie  Reynolds  numlicr,  inierblade  phase  angle, 
elastic  axis  and  mean  How  incidence  on  the  unsteady 
aeriKlynamics  and  Hiilier  characteristics  of  a  flat  plate  airfoil 
cascade. 

The  unsteady  aeriHlynainic  results  are  pre.semed  in  the 
format  of  the  teal  ami  imaginary  components  of  the  unsteady 
airfoil  surface  pressure  difference  across  the  chordline  of  a 
cascaded  airfoil,  and  the  corresponding  complex  unsteady 
moment,  as  defined  in  Equation  3I. 

f  (Phwa-Pu„«)(x-xJdx 

M  •Zo« 

- ri 

pc  U  pc  U  K 

The  cascade  predictions  are  obtained  on  a  1 26  x  37 
rectangular  grid.  Figure  4,  with  Ax  =  Ay  =  0.025  and  4 1  points 
on  the  airfoil  surfaces,  thereby  limiting  results  to  moderate 
values  of  the  Reynolds  numbers.  The  ctmvcrgence  criteria  for 
the  internal  and  external  steady  stream  function  iterations  are 
lO'*^,  with  a  steady  vorticity  tolerance  of  5*I(t2.  The 
computational  lime  ranged  from  825  CPU  seconds  on  the 
Cyber  205.  The  convergence  criteria  for  the  internal  and 
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external  unsteady  stream  functUMt  iterations  are  I0~'*,  with  a 
(insieady  voniciiy  tolerance  of  5*  I  O'**.  The  tolerances  for  ilie 

unsteady  pressure  iterations  are  I0~^  and  I0~^  for  the  internal 
and  external  iterations,  respectively.  The  computational  tinte 
averaged  22(M>  .sectnids  CPU  time  on  the  Cyber  2().i,  with  an 
average  of  31)0  iterations  for  the  solutions  of  the  stream 
function  and  vorticity  and  an  additional  200  iterations  for  the 
pressure  solution. 

The  steady  flow  nKxJel  and  its  locally  analytical  solution  are 
first  utilized  to  predict  the  steady  viscous  flow  past  the  cascade. 
For  example.  Figure  S  shows  the  predicted  stream  function 
contours  for  two  passages,  with  the  steady  vorticity  on  ilic 
airfoil  surface  for  Reynolds  number  of  l,(X)0  and  zero 
incidence  with  30  degrees  stagger.  Figure  6  shows  the 
predicted  stream  function  contours  for  two  passages,  with  the 
steady  vorticity  on  the  airfoil  surface  for  Reynolds  number  of 
I  ,(KX)  with  8  degrees  of  incidence  and  30  degrees  stagger. 

The  effects  of  viscosity  on  both  the  unsteady  viscous 
aerodynamics  generated  by  the  oscillating  flat  plate  cascade 
which  are  coupled  to  the  steady  viscous  flow  and  the  ca.scadc 
flutter  characteristics  are  then  analyzed  with  the  unsteady  flow 
model  and  its  ItKally  analytical  solution.  In  particular,  the 
effects  of  Reynolds  number,  elastic  axis  location,  interblaile 
pha.se  angle,  and  incidence  angle  on  the  oscillating  airfoil 
unsteady  pressure  difference  across  the  chordline  of  a 
referenced  airfoil  and  the  corresponding  complex  unsteady 
aerodynamic  moment  are  demonstrated.  Also  presented  as  a 
reference  are  the  corresponding  inviscid  predictions  obtained 
from  the  classical  incompressible  flow  cascade  model  of 
Whitehead!  I  j. 

The  effects  of  Reynolds  number  and  interblade  phase  angle 
on  the  complex  unsteady  pressure  difference  are  presented  in 
Figures  7  through  9.  The  viscous  predictions  are  nonsingular 
at  the  airfoil  leading  edge  whereas  the  inviscid  results  are 
singular.  There  is  general  trendwise  agreement  in  the  viscous 
and  inviscid  predictions  of  the  chordwise  unsteady  pressure 
distribution,  with  only  the  real  pan  at  0  degrees  interblade 
pha.se  angle  exhibiting  relatively  good  coirelation.  As  will  be 
seen  differences  between  the  viscous  and  inviscid  predictions 
result  in  large  differences  in  the  corresponding  unsteady 
moment  predictions. 

Mean  flow  incidence  angle  has  only  a  small  effect  on  tl>c 
viscous  predictions  of  the  complex  unsteady  pressure 
difference.  Figure  10.  To  gain  some  insight  into  this  result,  the 
predicted  steady  airfoil  surface  pressure  difference  for  mean 
flow  incidence  angles  of  0  and  8  degrees  are  presented  in 
Figure  1 1.  There  are  only  small  differences  between  the  two 
pressure  distributions,  with  no  indication  of  flow  separation. 

The  torsion  mode  flutter  stability  of  a  cascade  of  airfoils  is 
determined  by  the  imaginary  pan  of  the  unsteady  aenxlynamic 
moment  if  there  is  no  mechanical  damping.  Thus,  the  effects  of 
Reynolds  number,  mean  flow  incidence  angle,  and  interbladc 
phase  angle  on  the  imaginary  pan  of  the  moment  coefficient  are 
considered  in  Figures  12  and  13.  In  panicular,  these  figures 
present  the  viscous  predictions  of  the  imaginary  part  of  the 
iiKsment  coefficients  as  a  function  of  elastic  axis  location,  with 
interblade  phase  angle  as  a  parameter  for  incidence  angles  of  0 
and  8  degrees.  Also  shown  ate  the  corresponding  inviscid 
predictions. 

Viscosity  has  a  destabilizing  effect  on  the  cascade  for  elastic 
axis  locations  forward  of  approximately  midchoid.  NanKly  the 
inviscid  predictions  indicate  that  the  cascade  is  stable  for  all 
elastic  axis  locations,  with  the  inierblade  phase  angle  value 
having  minimal  effect.  In  contrast,  the  viscous  predictions 
show  that  viscosity  is  either  stabilizing  or  destabilizing 
depending  on  the  location  of  the  elastic  axis,  with  the  interblade 
phase  angle  having  a  large  effect  on  the  increased  cascade 


stability  for  clastic  axis  locations  aft  of  approximately 
iiiiilchord.  Also,  a  comparison  of  tlic  0  and  8  degree  mean 
Ilow  ineiilcnec  angle  viscous  results  shows  that  this  iiicreascil 
incidence  is  slightly  destahili/.ing. 

Summary  and  Conclusions 

A  mathematical  model  has  been  developed  to  analyze  (he 
two-dimensional  steady  and  unsteady  aerodynamics  of  a 
cascade  of  Hat  plate  airfoils  in  an  incompressible  laminar  Ilow 
with  the  unsteady  aertxlynamies  generated  by  hamtonic  torsion 
nxxle  oscillations  of  the  airfoil  cascade.  1'he  unsteady  viscous 
flow  is  assumed  to  be  a  small  perturbation  to  the  steady  viscous 
flow  which  is  described  by  (he  Navicr-Stokes  equations.  'I'he 
small  perturbation  unsteady  viscous  flow  Held  is  descriltcd  by  a 
system  of  linear  partial  differential  ei|ua(ions  that  are  coupled  to 
the  steady  lltrw  field. 

Solutions  for  both  the  steady  and  the  unsteady  viscous  Ilow 
fields  were  obtained  by  developing  locally  analytical  solutions. 

In  this  approach,  the  discrete  algebraic  equations  which 
represent  die  flow  field  equations  are  obtained  from  analytical 
solutions  in  individual  grid  elements.  For  the  steady  viscous 
Ilow,  this  was  accomplished  by  first  locally  linearizing  the 
ciMivcctive  terms  in  the  Navier-Stokes  equations.  The  complete 
Ilow  field  solutions  are  then  obtained  through  the  application  of 
the  global  boundary  conditions  and  the  assembly  of  the  local 
grid  element  solutions. 

This  model  and  locally  analytical  solutions  were  then 
utilized  to  demonstrate  the  effects  of  viscosity  on  both  the 
oscillating  cascade  unsteady  aerodynamics  and  (lie  cascade 
flutter  characteristics.  In  particular,  the  complex  unsteady 
chordwise  pressure  differences  and  resulting  unsteady 
aerodynamic  moment  on  a  referenced  airfoil  of  the  ca.scadc  in  a 
viscous  flow  characterized  by  Reynolds  numbers  t)f  .SIX)  and 
1,(XX)  were  analyzed  and  correlated  with  classical  inviscid 
results  for  a  stagger  angle  of  30  degrees,  reduced  frequency  of 
2.0,  elastic  axis  of  O.S,  incidence  angles  of  0  and  8  degrees, 
and  intcrblade  phase  angles  from  0  to  1 80  degrees. 
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Abstracl.  A  maihematicai  model  is  developed  (o  predict  the  effect  of  flow  separation  on  the  unsteady  aerodynamic  lift  and 
moment  acting  on  a  two-dimensional  flat  plate  cascade  which  is  harmonically  oscillating  in  a  subsonic  flow  field.  The  unsteady 
flow  is  considered  to  be  a  small  perturbation  to  the  uniform  steady  flow,  with  the  steady  flow  assumed  to  separate  at  a  specified 
flxed  position  on  the  airfoil  suction  surface.  This  formulation  does  not  require  the  difference  in  the  upwash  velocity  across  the 
airfoil  in  the  separated  flow  region  to  be  determined  before  calculating  the  unsteady  pressure  difference  across  the  chordline 
of  the  airfoils,  thereby  eliminating  the  assumption  that  the  upwash  difference  is  zero  at  the  trailing  edge  when  the  steady  flow 
is  separated.  Results  obtained  demonstrate  that  although  flow  separation  decreases  bending  mode  stability,  it  does  not  result 
in  bending  mode  flutter.  However,  flow  separation  can  result  in  torsion  mode  flutter,  with  this  instability  being  a  function  of 
the  location  of  both  the  separation  point  and  the  elastic  axis. 


List  of  symbols 

d  nondimensional  distance  D/C 

h  nondimensional  distance  HIC 

k  reduced  frequency,  •oC/U^ 

P  perturbation  pressure 

u  perturbation  velocity  in  the  x  direction 

i<  perturbation  velocity  in  the  y  direction 

X  nondimensional  chordwise  Caretesian  coordinate,  X/C 

X,  nondimensional  separation  point  location  measured  from  the  leading  edge 

y  nondimensional  normal  Cartesian  coordinate,  Y/C 

Vt  bending  mode  nondimensional  displacement 

C  airfoil  chord 

C,  unsteady  lifl  coeflicient 

Cy  unsteady  moment  coefficient 

C,  pressure  difference  coefficient,  Ap/p.„U’, 

0  distance  between  leading  edges  of  adjacent  airfoils  as  measured  in  the  x  direction 

H  distance  between  mean  positions  of  adjacent  airfoils  as  measured  in  the  Y  direction 

Mach  number  at  x  «  +  oo 
P  fluid  static  pressure 

P,  fluid  static  pressure  at  x  =  ±  to 
5  spacing  between  adjacent  airfoils 

X  airfoil  angular  displacement  for  torsional  oscillations 
fl  (1-Mi,)’" 

)■  cavitation  number 

0  cascade  stagger  angle 

V  Fourier  transform  variable 

<r  cascade  interblade  phase  angle 

^  velocity  potential 

m  circular  frequency 
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h  bending  mode  oscillation 

a  torsional  mode  oscillation 

+  upper  surface 

-  lower  surface 
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Superscripts 
ATT  attached  (low 
COR  correction 
SEP  separated  flow 
•  Fourier  Iransrorm 

(')  complex  amplitude 


1  Introduction 

The  continuing  demand  for  more  efllcient  axial  flow  compressors  for  gas  turbine  engines  is  being 
achieved  by  higher  rotational  speeds,  thinner  airfoils,  higher  pressure  ratios  per  stage,  and  increased 
operating  temperatures.  As  a  result,  the  possibility  of  an  aerodynamic  blade  row  instability  is  an 
important  design  consideration.  Namely,  under  certain  conditions,  a  blade  row  operating  in  a 
completely  uniform  flow  field  can  enter  into  a  self-excited  oscillation  known  as  flutter.  The  motion 
is  sustained  by  the  extraction  of  energy  from  the  uniform  (low  during  each  vibratory  cycle,  with 
the  flutter  frequency  generally  corresponding  to  one  of  the  lower  blade  or  coupled  blade-disk 
natural  frequencies. 

To  predict  the  aerodynamic  stability  of  a  rotor,  a  typical  airfoil  section  approach  is  utilized. 
The  three-dimensional  flow  field  through  the  rotor  is  approximated  by  two-dimensional  strips 
along  the  blade  span.  For  each  strip,  the  structural  dynamic  properties  and  the  unsteady  aero¬ 
dynamic  loading  due  to  harmonic  airfoil  oscillations  must  be  determined.  Finite  element  techniques 
enable  the  structural  and  vibrational  characteristics  to  be  accurately  predicted.  However,  accurate 
predictions  of  the  flutter  characteristics  of  the  blade  row  cannot  be  made  due  to  inadequacies  in 
current  state-of-the-art  oscillating  cascade  models. 

Unsteady  aerodynamic  models  are  typically  restricted  to  thin  airfoil  theory,  with  the  unsteady 
disturbances  generated  by  the  oscillating  airfoils  assumeu  to  be  small  compared  to  the  mean  steady 
potential  (low  field.  In  addition,  the  airfoils  are  considered  to  be  flat  plates  at  zero  incidence.  Thus, 
the  unsteady  aerodynamics  become  uncoupled  from  the  steady  flow,  leading  to  a  model  wherein 
the  How  is  linearized  about  a  uniform  and  parallel  flow.  Kernel  function  methods  can  then  often 
be  utilized  to  determine  analytical  solutions  for  the  unsteady  aerodynamic  lift  and  moment  acting 
on  the  oscillating  airfoils. 

When  the  mean  flow  does  not  separate  from  the  airfoil,  i.e.,  unstalled  flutter,  a  number  of  such 
unsteady  aerodynamic  models  have  been  developed.  For  example,  Whitehead  (1960)  developed  a 
model  for  incompressible  flow  through  an  infinite  cascade  of  oscillating  flow  plate  airfoils  by 
constructing  a  vorticity  distribution  on  each  airfoil  which  satisfied  the  boundary  conditions. 
Fleeter  (1973)  extended  this  model  to  include  compressible  flow  by  using  Fourier  transform  theory 
and  the  linearized  small  perturbation  potential  flow  equation.  Smith  (1972)  developed  an  analogous 
subsonic  model  by  replacing  the  airfoils  by  a  series  of  continuous  singularity  distributions.  For 
both  subsonic  and  supersonic  inlet  flow  Mach  numbers,  Ni  (1979)  develop^  a  corresponding 
kernel  function  analysis. 

The  particular  problem  of  interest  herein  is  subsonic  stall  flutter.  It  is  the  oldest,  most  common 
type  of  flutter  and  is  generally  attributed  to  separated  flow  on  the  suction  surface  of  the  airfoils 
caused  by  operating  beyond  some  critical  mean  flow  incidence  angle  at  subsonic  Mach  numbers. 
Bending,  torsion,  and  coupled  vibrational  modes  have  been  documented  when  this  type  of  flutter 
is  encountered  at  part  speed  in  a  high  speed  fan  and  at  or  near  the  design  speed  in  a  low  or  high 
pressure  compressor. 

Only  a  very  few  unsteady  aerodynamic  models  appropriate  for  stall  flutter  prediction  have 
been  developed.  In  these,  the  flow  is  considered  to  separate  at  a  specified  position  on  the  airfoil 
suction  surface,  with  this  separation  point  fixed  throughout  the  airfoil  oscillation  cycle.  Also,  the 
pressure  in  the  separated  flow  region  and  the  wake  is  assumed  to  be  constant.  Woods  (1957) 
developed  a  model  for  incompressible  potential  flow  past  an  isolated  airfoil.  An  incompressible 
flow  oscillating  ca.scade  unsteady  aerodynamic  model  for  turbomachine  applications  was  formulated 
by  Sisto  (1967).  Perumal  and  Sisto  (1975)  developed  a  model  for  incompressible  flow  through  an 
infinite  cascade  of  oscillating  airfoils  using  conformal  mapping  and  the  acceleration  potential. 
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More  recently,  Chi  (1980, 1985)  used  Fourier  transform  theory  and  the  linearized  small  perturbation 
potential  flow  equation  to  develop  an  oscillating  airfoil  and  airfoil  cascade  model  fur  subsonic 
compressible  flow.  This  solution  consists  of  an  attached  flow  unsteady  aerodynamic  solution  and 
a  correction  to  account  for  the  effects  of  the  flow  separation.  This  correction  is  determined  by 
solving  two  integral  equations:  one  for  the  difference  in  the  upwash  velocity  across  the  airfoil  in 
the  separated  flow  region,  and  a  second  for  the  correction  of  the  unsteady  pressure  difference  across 
the  airfoil  chordline  due  to  the  separated  flow.  However,  Chi  assumes  that  the  Kutia  condition 
applies  to  the  separated  flow  region,  i.e.,  the  upwash  difference  becomes  zero  at  the  airfoil  trailing 
edge  even  though  the  flow  is  separated. 

In  this  paper,  an  unsteady  aerodynamic  cascade  analysis  which  is  appropriate  for  the  design 
prediction  of  subsonic  stall  flutter  in  turbomachines  is  developed,  fn  particular,  this  mode!  will 
predict  the  effect  of  flow  separation  on  the  unsteady  lift  and  moment  acting  on  a  two-dimensional 
flat  plate  airfoil  cascade  which  is  harmonically  oscillating  in  a  subsonic  flow  field.  The  unsteady 
flow  field  is  considered  to  be  a  small  perturbation  to  the  uniform  steady  flow,  with  the  steady  flow 
assumed  to  separate  at  a  specified  fixed  position  on  the  suction  surface  of  the  airfoils.  In  this 
formulation,  the  difference  in  the  upwash  velocity  across  the  airfoil  in  the  separated  flow  region 
is  not  required  to  be  determined  before  calculating  the  correction  of  the  unsteady  pressure 
difference  across  the  chordline  of  the  airfoils,  thereby  eliminating  the  assumption  that  the  upwash 
difference  is  zero  at  the  trailing  edge  when  the  steady  flow  is  separated. 


2  Unsteady  aerodynamic  model 


This  model  considers  the  inviscid  flow  past  an  oscillating  airfoil  cascade.  The  fluid  is  assumed  to 
be  a  thermally  and  calorically  perfect  gas,  with  the  subsonic  flow  inviscid  and  irrotational.  The 
far  upstream  flow  is  uniform  with  velocity  and  approaches  the  cascade  at  zero  mean  incidence 
angle.  The  steady  flow  is  assumed  to  separate  from  a  specified  fixed  position  on  the  suction  surfaces 
of  the  airfoils,  with  the  constant  pressure  separated  flow  region  confined  to  a  thin  slit  extending 
to  downstream  infinity.  Fig.  1.  The  unsteady  aerodynamics  of  interest  are  generated  by  small 
amplitude  translational  or  torsional  oscillations  of  the  airfoil  cascade,  with  a  constant  interblade 
phase  angle. 

The  linearized  partial  differential  equation  for  the  unsteady  velocity  potential,  (/>,  is  given  in 
Eq.  (1),  with  the  linearized  unsteady  Bernoulci  equation  specified  in  Eq.  (2). 


8^(t> 


+  2U^ 


dXdt 


dX^J 


=  0, 


-Px 


d<f> 

Tt 


+  U^ 


(1,2) 


Equations  (I)  and  (2)  are  first  used  to  derive  the  unsteady  pressure  difference  across  the  airfoil  for 
attached  flow,  and  then  to  derive  a  correction  for  the  flow  separation  using  the  condition  that  the 
pressure  is  constant  in  the  separated  flow  region.  As  this  is  a  linear  analysis,  the  unsteady  pressure 
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and  the  resulting  unsteady  aerodynamic  lift  and  moment  acting  on  the  airfoils  are  expressed  as  a 
sum  of  the  fully  attached  flow  solution  and  a  correction  due  to  the  flow  separation. 

For  the  portion  of  the  airfoil  where  the  flow  is  attached,  the  velocity  component  normal  to  the 
airfoil  surface,  the  upwash  velocity,  must  be  equal  to  the  airfoil  surface  velocity.  This  boundary 
condition,  Eq  (3a),  is  satisfied  at  the  airfoil  mean  position.  However,  in  the  separated  flow  region, 
the  velocity  component  normal  to  the  airfoil  surface  is  not  equal  to  the  surface  velocity,  and 
therefore  is  unknown.  This  perturbation  velocity  must  be  determined  using  the  condition  that  the 
pressure  is  constant  in  the  separated  (low  region,  with  the  cavitation  number  defined  in  Eq.  (3b) 
and  the  separated  flow  region  boundary  condition  given  in  Eq.  (4). 


v  =  ‘^+U^,(X-X„)‘‘y  +  U^<t  at  y  =  0*,  y(t)=  --^~X>  X, 

dt  dt 

(3a,  b) 

P= at  Y  =  0\  X>X„  (4) 

where  X,  specifies  the  separation  chordwise  position. 

Nondimensionalizing  the  spatial  dimensions  with  respect  to  the  airfoil  chord.  C  assuming 
harmonic  time  dependence  for  the  airfoil  motion  and  the  flow  variables  at  a  frequency  u)  and 
substituting  these  quantities  into  Eqs.  (1,2)  and  (3),  results  in  the  following  for  the  perturbation 
velocity  potential,  the  perturbation  pressure,  and  the  attached  and  separated  flow  unsteady 
boundary  conditions. 


P 


^  ^  Si  ^  _  I, 

(ix^  dx 


p=  - 


(  - 


r=  +  ’c,,))}  at  y  =  0*,  p= at 


(5.6) 

y  =  0*.  .x>.v, 
(7,8) 


where 

=  — =  =  and  q  =  iky^. 

d-xy  ^ 

Once  Eq.  (5)  is  solved.  Eq.  (6)  is  used  to  compute  the  unsteady  pressure  difference  across  the 
airfoil.  This  is  then  integrated  to  obtain  the  unsteady  aerodynamic  lift  and  moment  acting  on  the 
airfoil. 


3  Fourier  transforms 

Equation  (5)  for  the  perturbation  velocity  potential  is  reduced  to  an  ordinary  differential  equation 
by  use  of  Fourier  transforms,  with  the  Fourier  transform  pair  defined  in  Eq.  (9). 

+  D  I  +  D 

FTlg{x)]  =  g*(\')=  j  3(.x)exp(  -  iv.x)d.x  and  g{x)  =  —  J  ^‘(vlexplivxldv.  (9) 

-  00  -  T) 

Applying  the  Fourier  transform  technique  and  assuming  that  all  (low  perturbations  remain 
bounded  in  the  far  field  leads  to  the  following  ordinary  differential  equations  for  the  transformed 
perturbation  velocity  potential  and  pressure. 

+  =  p*{v,v)^ -‘^^^[k  +  v}^*(v,y)  (10,11) 

dy^  C 

where  +  lkM\^v  -y  k^M\,. 

The  general  solution  to  Eq.  (10)  for  the  perturbation  velocity  potential  is  given  in  Eq.  (12). 

= /4,  sin(^y)  +  ,42Cos(/i>’)  (12) 
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The  constants  /4,  and  /tj  are  evaluated  from  the  normal  velocity  boundary  conditions  on  two 
adjacent  airfoils.  The  time  dependent  perturbations  at  (x  +  </,  y  +  h)  are  taken  to  lead  the  same 
perturbations  at  (x,y)  by  the  constant  interblade  phase  angle  a. 

The  transformed  boundary  conditions  on  the  upper  surface  of  the  zeroth  airfoil  and  the  lower 
surface  of  the  llrst  airfoil  of  Fig.  I  are  given  in  Eqs.  (13). 

d6*  diB* 

—  =Ca*(v)l„=o>  =^5*.  —  =Cexp(i{ff-vd))ij*(v)|  0- =f’exp(i(<T-vr/))i;*. 

Sy  y.o^  Sy 

(I3a,b) 

Equations  (13)  are  used  to  solve  for  the  constants  A^  and  /1 2  in  Eq.  (12)  in  terms  of  v*  and  v*. 
Recall  that  for  attached  flow,  both  u*  and  v*  are  known.  However,  in  the  separated  flow  region, 
D*  is  unknown.  The  resulting  solution  for  0*  is  given  in  Eq.  (14), 

^*(v  y)  =  ^  C(ij*  cos(/t/i)  -  u*  exp(-i(v(f-g))cos(/iy)  ^  ^ 

fi  fi  sin(/di) 

This  expression  for  is  used  in  the  unsteady  pressure  equation,  Eq.  (11),  with  the  following 
definitions  useful 


PX=P*\y  =  0,,  =  ( 


(15a,b) 


Evaluating  Eq.  (1 1)  at  y  =  0*  and  0  and  then  using  Eq.  (14),  the  unsteady  pressure  on  the  upper 
and  lower  surfaces  of  the  zeroth  airfoil  is  determined 


v*^  V* 


where 


A*  — 


(16a,b) 


_(/c-Fv)cos(///»)  _(/c4-v)cot(^A) 
ipsiniph)  ip 

B*  =  (^  +  *')gxp(-i(v<f-<r))  ^  (/c  +  v)exp(i(v</-g)) 

ipsin{ph)  ipsiniph) 

Equation  (16)  is  used  to  obtain  independent  equations  for  the  upwash  difference  coefficient  and 
the  unsteady  pressure  difference  correction  coefficient.  First  Eq.  (20)  is  rewritten  as  follows; 


(/c  + v)exp(f(v</  — g)) 
ipsiniph) 


pmAVE  j 

I - -  + - = 


P^AVE 


^*AVE 


^mAVE 


1  Ap*  V*^ 

— *(/!*- C*)  — 
2p«C/i  U 


+  -(/l*  +  B*)— , 
2  t/„ 

+  -(/l*  +  C*)— . 
2 


(17a.b) 


Subtracting  Eq.  (17b)  from  Eq.  (17a)  and  manipulating  the  results  leads  to  Eq.  (18) 


j^*AyE  ^0* 

- =  K*-=^  +  L*—, 


and  L*  = 


where 

- - ! -  and  L< - . 

2A*  -B*-C*  2(2/1*  -  B*  -  C*) 

Equation  (17a)  is  then  multiplied  by  M*  —  C*)  and  Eq.  (17b)  by  [A*  —  B*),  with  the  resulting 
equations  added.  This  gives  the  following 

p*^*'®  Ap*  Ac*  A*^-B*C* 


p*^yE  Ap*  Ac 


where  M*  = 


A*^-B*C* 

2/4*-B*-C* 


(19) 
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Chi  (1980,  1985)  performs  the  Fourier  inversion  of  Eqs.  (18)  and  (19)  and  further  manipulates  the 
result  to  obtain  integral  equations  for  — ~  and  — — 

However,  by  further  manipulating  Eqs.  (18)  and  (19),  independent  equations  may  be  derived  for 
the  upwash  difference  coefficient  and  the  unsteady  pressure  difference  correction  coeflicient.  First, 
substitute 


g*AVE  ij*  j 

- - - 1 - and 

GO  on  00 

into  Eq.  ( 1 8).  The  result  is: 

2  p^Ui 


Ap*  Ap*'*^^  Ap**'^ 

P<r,fJl  p„Ul  p^Ui 


Ap*co^  Ap* 
K*=i — _  +  L*— . 
P<r,Ui 


In  the  attached  flow  region  of  the  airfoil,  Eq.  (2 1 )  is  valid,  with  the  only  unknown  being  the  attached 
flow  unsteady  pressure  difference 

^  =  nu 

t/,  P^lJi'  ^  ^ 

An  equation  for  the  separated  flow  unsteady  pressure  difference  correction  coefficient  is  obtained 
by  subtracting  Eq.  (21)  from  Eq.  (20) 

Ap*^®*  Au* 

— — -  =  {A*-C*) - .  (22) 

P^V 

r  GO  ^  00  <T) 

In  this  equation,  both  the  unsteady  pressure  difference  correction  coefficient  and  the  upwash 
difference  coefficient  are  unknown.  Therefore,  another  equation  is  needed. 

Rewriting  Eq.  (19)  yields  the  following 


’^vi  V  Vp^vi  V  V. 


Equation  (22)  is  solved  for  Av*/U^  which  is  then  substituted  into  Eq.  (23).  The  resulting  equation 
leads  to  the  following  independent  equation  for  the  unsteady  pressure  difference  correction 
coeHicient 


Ap*COR  /  ,  ^  _  =* 

P^Vl  \  2  ^Jp^Ui  '  ^  P^Ul 


where 


T* - ;  Q*  =  — ;  and  K*  =  -— . 

A*  ^  A*  '  2A* 

An  equation  for  Av*IU^  is  obtained  by  substituting  Eq.  (22)  into  Eq.  (19) 

Av*  ~  Ap*'*^^  -  p* 

- =-(Q  +K*)— — — +  2K*  (25) 

The  Fourier  inversion  may  now  be  performed  for  both  the  attached  flow  solution,  Eq.  (21),  and 
the  separated  flow  correction,  Eqs.  (24)  and  (25). 

Ap'^^^(C) 

The  Fourier  inversion  for  the  attached  flow,  Eq.  (21),  noting  that  — — ^  =  0  off  of  the  airfoil, 
is  given  in  Eq.  (26), 

-j—  =  f  K{x-0  ^  ,,2^''  =  1  A*exp(ivfj)dv. 

y<x,  0  Paoyt  2n-* 


(26) 
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Note  that  this  is  the  same  attached  flow  equation  as  obtained  by  Smith  (1972)  when  diflerences  in 
notation  are  taken  into  account. 

The  Fourier  inversion  of  the  separated  flow  equation  is: 

Tx„-o^'.C-T{ru-0-li<.(.-o}ra,c 

+  T  (27) 

LL  (  JPoot^i 

where 

=  ^  f  T*  exp(iv»/)dv,  Q(fi)  =  ^  j  Q*exp(ivri)Jv,  =  j  K*exp(ivrf)dv. 

Jilt  —  00  27r  -  00  z'Jt  -  ct) 

LL  =  Lower  Limit  (to  be  determined)  and  T(r|),  Q(fj)  and  are  evaluated  in  the  Appendices. 
The  inverse  transform  of  the  upwash  differences,  Eq.  (2S),  is 

^  -  i  {Q(x-0  +  iCAx-O)  -  R{x),  (28) 

^00  X.  p^Ul^ 

+  00  ^ 

where  /?(x)  =  J  K^ix—Oyd^  and  is  presented  in  the  appendix. 

The  cascade  unsteady  pressure  difference  correction  equation  becomes 

*.  P«t^oo  *.1-  2  J  p^t/^  2x. 

(29) 

The  upper  limits  of  +qo  are  undesirable  since  Ap‘^®*(C)/p*l/^  will  be  obtained  by  collocation. 
To  eliminate  this  problem,  this  equation  is  rewritten  by  breaking  the  first  and  third  integrals  into 
integrals  from  C  =  x,  to  C  =  1  and  from  C  =  1  to  f  =  +  oo 

*.  t  p^Ul 

If  1  1  I  • 

=  f  T(x-o--x.(x-C) {/c,(x-0-G(-x-C)}7dC 

*»v  2  JpQO^<X) 

-if  {^c(x-0-C(x-C)}ydC.  (30) 

2  jc. 

As  x,-»  1,  the  integrals  with  upper  limit  of  1  become  zero.  Then 
I  K(x-C)-^—^dC=--  f  {KAx-0-Q(x-0}Ydi;. 

1  Poof'oo  2  I 

Since  both  of  these  integrals  are  independent  of  x„  they  must  be  equal  for  all  x,.  Subtracting  these 
from  Eq.  (30),  the  final  cascade  separated  flow  unsteady  pressure  difference  correction  equation  is 
obtained 

VF(x)^f  X(x-0-  ^  dC.  (31) 

where 

if  I  )  Ao'^^^fn  I  * 

mx)^  f  j  T{x-C)--K.(x-o[-^-77^dC--  f  {KAx-0-Q(x-0}yd(. 

Jf*  V  2  J  P®^oo  ^  *• 
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Once  the  attached  flow  solution  is  determined  from  Eq.  (26)  and  the  cavitation  number  specified, 
Eq.  (31)  is  solved  by  collocation  to  obtain  the  separated  flow  unsteady  pressure  difference  correction 
coefficient. 


4  Unsteady  aerodynamic  lift  and  moment  coefficients 


The  unsteady  lift  coeflicient,  positive  in  the  +y  direction,  is  defined  as 


Q  = 


2  ^  J  aO 


(35) 


Substituting  Eq.  (36)  into  Eq.  (3S)  and  noting  that  the  unsteady  pressure  difference  correction  is 
zero  upstream  of  the  separation  point,  leads  to  Eq.  (37): 

TiATTtr\ 

(36) 


ApiO  Ap^ 

‘  +  • 


*(0 


p^tji  p^ui 

=  +  where  ^ and  Cf  «''=-}  (37) 

o  P,r,Ui  X. 

The  unsteady  moment  coefficient,  positive  counterclockwise  about  an  elastic  axis  at  the  leading 
edge,  is  defined  as 


— 


M  ‘f  ,  Ap(C)  ,, 


p.vic^  0  P^u, 

Substituting  Eq.  (36)  into  Eq.  (38)  yields: 

+  and  cS>«=-}c5Q2dC. 

0  Pao^ao  *. 


(38) 


(39) 


5  Resaits 

The  mathematical  model  developed  herein  is  utilized  to  demonstrate  the  effects  of  flow  separation 
on  the  unsteady  aerodynamics  of  an  harmonically  oscillating  flat  plate  cascade  in  a  subsonic  flow 
field.  The  attached  flow  part  of  the  model  predictions  are  obtained  from  the  Smith  code  (1987).  It 
predicts  the  unsteady  pressure  difference  coefficient  and  the  cascade  translation  and  torsion  mode 
unsteady  aerodynamic  lift  and  moment  coefficients.  The  separated  flow  part  of  the  model  uses  the 
attached  flow  results  to  analyze  the  separated  flow  unsteady  pressure  difference  correction  coefficient, 
the  unsteady  aerodynamic  lift  and  moment  correction  coefficients,  and  the  upwash  difference 
coeflicient  for  a  specified  separation  point  location  and  cavitation  number.  Note  that  for  the  results 
presented  herein,  a  zero  cavitation  number  is  considered.  The  separated  flow  unsteady  aero¬ 
dynamic  lift  and  moment  coefficients  are  then  added  to  the  attached  flow  values  to  obtain  the 
separated  flow  coefficients. 

The  effect  of  flow  separation  on  the  magnitude  and  phase  of  the  cascade  bending  mode 
unsteady  pressure  difference  coefficient  is  shown  in  Figs.  2  and  3.  A  leading  edge  flow  separation 
point  decreases  the  magnitude  of  by  a  factor  of  approximately  two.  Also,  the  attached  and 
separated  flow  phase  angles  of  are  not  equal. 

Figure  4  shows  the  magnitude  of  the  bending  mode  upwash  difference  coefficient  with  leading 
edge  flow  separation  for  an  isolated  airfoil  and  an  airfoil  cascade.  Recall  that  the  upwash  difference 
coefficient  is  zero  for  attached  flow.  Note  that  the  upwash  difference  coeflicient  is  not  zero 
downstream  of  the  trailing  edge  for  either  the  isolated  airfoil  or  the  cascade,  as  was  assumed  by 
Chi  (1980, 198S).  The  fact  that  a  nonzero  constant  value  is  approached  downstream  of  the  trailing 
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ATTACHED  FLOW 


Figs.  2  and  3.  2  Magnitude  of  bending  mode  unsteady  pressure  diflerence  coeflicicnl  for  attached  flow  and  leading  edge 
separation.  3  Phase  angle  of  bending  mode  unsteady  pressure  diflerence  coeflicient  for  allached  flow  and  leading  edge  separation 


- CASCADE 

- ISOLATED  AIBFOE. 


- CASCADE 

- ISOLATED  AIRFOIL 


Figs.  4  and  S.  Magnitude  of  bending  mode  upwash  difference  coeflicient  4  for  leading  edge  flow  separation;  5  for  midchord 
flow  separation 


edge  is  consistent  with  the  assumption  that  the  separation  wake  extends  to  downstream  infinity. 
Midchord  flow  separation.  Fig.  5,  tends  to  produce  a  more  rapidly  changing  upwash  difference 
coefficient  magnitude  than  does  leading  edge  separation.  Again,  the  upwash  difference  coefficient 
does  not  become  zero  downstream  of  the  trailing  edge.  Also,  the  separated  flow  upwash  difference 
magnitude  for  both  the  isolated  airfoil  and  the  cascade  exhibit  a  sharp  dip  near  chord.  Both 
the  real  and  imaginary  parts  of  the  upwash  difference  coefficient  are  smooth  in  the  region  of  60% 
airfoil  chord,  with  this  dip  being  caused  by  the  real  part  of  the  coefficient  passing  through  zero  at 
this  point. 

The  effects  of  leading  edge  flow  separation  on  the  bending  mode  suction  surface  upwash 
velocity  distribution  are  shown  in  Figs.  6  and  7  for  an  isolated  airfoil  and  an  airfoil  cascade.  The 
attach^  flow  results  are  the  same  for  both  the  isolated  airfoil  and  the  cascade  since  both  upwash 
velocities  are  equal  to  the  airfoil  surface  velocity.  The  cascading  effects  are  shown  by  the  differences 
between  the  isolated  airfoil  and  cascade  separated  flow  upwash  distributions.  In  Fig.  7  the 
separated  flow  curve  for  the  isolated  airfoil  is  identical  to  the  attached  flow  curve. 

To  demonstrate  the  effects  of  flow  separation  on  bending  mode  stability,  the  complex  unsteady 
lift  coefficients  are  calculated  using  ten  collocation  points  for  a  cascade  with  solidity  of  one  and  a 
stagger  angle  of  60  degrees.  In  particular.  Figs.  8  through  13  show  the  attached  flow,  midchord 
flow  separation,  and  leading  edge  flow  separation  complex  bending  mode  lift  coefficients  for  inlet 
Mach  numbers  of  0.0  and  0.5,  with  interblade  phase  angle  and  reduced  frequency  as  parameters. 
It  should  be  noted  that  the  Mach  0.5  unsteady  lift  coefficients  change  rapidly  near  the  acoustic 
resonance  conditions.  Thus  a  smaller  range  of  inter  blade  phase  angle  values  is  considered  for  Mach 
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Fifp.  6  and  7.  6  Real  part  of  bending  nitxlc  <iuction  surface  upwash  velocity  for  attached  llow  and  leading  edge  separation. 
7  Imaginary  part  of  bmding  mode  suction  surface  upwash  velocity  for  attached  flow  and  leading  edge  separation 

0.5  than  for  Mach  0.0  to  avoid  these  resonances.  Also,  a  positive  value  of  the  real  part  of  C,j, 
indicates  a  bending  mode  instability  when  there  is  no  mechanical  damping. 

With  attached  flow,  the  cascade  is  stable  for  all  interblade  phase  angles  and  reduced  frequencies 
for  both  values  of  the  inlet  Mach  number.  As  the  region  of  Row  separation  increases,  i.e.,  as  the 
separation  point  moves  from  the  midchord  to  the  leading  edge,  the  unsteady  lift  coefficient  reduced 
frequency  contours  decrease  in  size  and  shift  to  the  right,  although  remaining  in  the  stable  range. 
Thus,  flow  separation,  although  not  resulting  in  bending  mode  flutter,  does  decrease  the  bending 
mode  stability  of  the  cascade. 

For  the  case  of  torsional  flutter,  stability  is  determined  from  the  imaginary  part  of  the  unsteady 
moment  coefficient.  In  particular,  for  zero  mechanical  damping,  a  torsion  mt^e  instability  exists 
whenever  Imaginary  (0^,)  ^  0.0,  with  the  flutter  reduced  frequency  defined  as  the  value  at  which 
Imaginary  (Cm«)  =  0.0.  To  demonstrate  the  effects  of  flow  separation  on  torsion  mode  stability,  a 
baseline  cascade  with  a  solidity  of  one  and  a  stagger  angle  of  60  degrees  is  considered. 

The  baseline  cascade  with  attached  flow  is  unstable  for  certain  interblade  phase  angle  values 
and  elastic  axis  locations.  The  flutter  boundary  interblade  phase  angle,  i.e.,  the  interblade  phase 
angle  which  yields  the  largest  range  of  reduced  frequencies  for  which  flutter  is  possible  is  shown 
as  a  function  of  elastic  axis  location  in  Fig.  14  for  inlet  Mach  numbers  of  0.0, 0.3,  and  0.8.  Utilizing 
these  interblade  pha.se  angle  values.  Fig.  15  shows  the  attached  flow  flutter  boundaries  of  the 
baseline  cascade  in  the  form  of  reduced  frequency  for  flutter  as  a  function  of  elastic  axis  location, 
with  Mach  number  as  a  parameter.  Each  curve  represents  the  neutral  stability  boundary,  with  the 
airfoils  being  unstable  at  reduced  frequencies  below  the  curve  and  stable  for  reduced  frequencies 
above  the  curve.  Note  that  a  decreasing  flutter  reduced  frequency  corresponds  to  an  increasing 
value  of  for  which  flutter  is  just  possible.  Increasing  the  Mach  number  is  seen  to  enhance  the 
cascade  stability,  indicated  by  the  decreased  unstable  reduced  frequency  range. 

The  effects  of  flow  separation  on  torsional  flutter  are  demonstrated  by  determining  the  flutter 
boundaries  of  the  baseline  cascade  with  attached  flow  and  with  flow  separation  at  midchord,  10% 
chord,  and  at  the  leading  edge.  These  results,  generated  by  varying  the  reduced  frequency  and 
utilizing  the  previously  determined  attached  flow  flutter  boundary  interblade  phase  angle  values, 
are  presented  in  the  form  of  torsional  flutter  boundary  versus  elastic  axis  location  for  inlet  Mach 
numbers  of  0.0, 0.3,  and  0.8,  with  separation  point  location  as  a  parameter,  Figs.  16  through  18. 

Torsion  mode  stability  is  seen  to  be  a  function  of  the  location  of  both  the  separation  point  and 
the  elastic  axis.  Midchord  flow  separation  produces  a  larger  range  of  frequencies  for  which  flutter 
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may  occur  than  does  attached  flow  for  elastic  axis  locations  in  the  range  of  20%  to  about  63% 
chord  for  ail  Mach  numbers.  This  indicates  decreased  cascade  stability  for  these  elastic  axis 
locations.  For  elastic  axis  locations  aft  of  about  63%  chord,  midchord  flow  separation  tends  to 
have  a  stabilizing  eflect  for  all  Mach  numbers. 

Flow  separation  at  10%  airfoil  chord  has  a  destabilizing  eflect  for  elastic  axis  locations  from 
20%  to  about  40%  chord,  and  a  stabilizing  eflect  for  elastic  axis  locations  greater  than  about  40^^ 
chord. 

Leading  edge  flow  separation  has  a  stabilizing  eflect  for  all  elastic  axis  locations.  It  should  be 
noted  that  a  considerable  part  of  the  torsional  unsteady  moment  coefficient  value  is  derived  from 
the  singular  nature  of  the  unsteady  pressure  distribution  in  the  airfoil  leading  edge  region.  For  the 
cases  of  flow  separation  of  10%  and  30%  chord,  the  unsteady  pressure  distribution  is  unaffected 
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Figs.  12  and  13.  Bending  mode  unsteady  lift  coeflicienl  12  for  midchord  (low  separation.  13  for  leading  edge  separation. 
(S/C a  1.0. 0  =  60  degrees,  and  M=0.5) 


Figs.  Hand  IS.  14  Interblade  phase  angles  for  torsional  flutter  boundary,  IS  torsional  flutter  boundary  for  attached  flow. 
(S/C  «  1.0  and  0  =  60  degrees) 


by  the  flow  separation  in  the  region  near  the  leading  edge,  whereas  for  leading  edge  flow  separation 
the  entire  unsteady  pressure  distribution  is  affected. 

As  for  the  attached  How  flutter  boundaries,  increasing  the  Mach  number  enhances  the  separated 
flow  cascade  stability,  indicated  by  the  decreased  unstable  reduced  frequency  range. 

It  is  generally  expected  that  flow  separation  would  decrease  the  torsion  mode  cascade  stability. 
As  previously  stated,  the  results  obtained  from  the  separated  flow  analysis  developed  herein 
indicate  that  the  stability  is  a  function  of  the  location  of  both  the  separation  fioint  and  the  elastic 
axis.  However,  it  should  be  noted  that  this  analysis  is  based  on  quite  restrictive  assumptions.  A 
zero  mean  incidence  angle  is  considered,  thereby  eliminating  the  nonlinear  features  of  the  attached 
and  separated  flow  fields.  Also,  the  separation  point  location  is  fixed  throughout  the  cycle  of  airfoil 
oscillation.  In  reality,  the  flow  may  separate  and  reattach  during  each  cycle  of  airfoil  motion 


flutter  reduced  frequency 
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Figs.  Id-IIL  Torsional  flutter  boundary  for  separated  flow.  (S/C  =  1.0,  0^60  degrees,  and  M=0.0;  17  M  >0.3;  18  Af =0.8 
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Fir-  I*  20.  19  Torsion  mode  unsteady  moment  coeflicieni  magnitude,  comparison  to  Perumal.  20  Imaginary  torsional 
mode  unsteady  moment  coefficient,  comparison  to  Chi 
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creating  hysteresis  elTects  in  the  torsional  unsteady  moment  coefTicient.  Finally,  the  separation 
region  may  be  large  and  partially  block  the  flow  passage,  thereby  aflecting  the  flow  field  upstream 
of  the  separation  point.  If  these  restrictions  were  removed  from  the  model,  it  might  be  found  that 
flow  separation  tends  to  always  decrease  cascade  stability. 

Finally,  comparisons  of  the  results  obtained  with  the  model  developed  herein  and  those 
developed  by  Perumal  (1975)  and  Chi  (1980,  1985)  are  considered  for  an  airfoil  cascade  executing 
harmonic  torsion  mode  oscillations  in  an  incompressible  flow.  The  comparison  with  the  Perumal 
model  predictions  of  the  magnitude  of  the  unsteady  moment  coefficient  versus  separation  point 
location  are  shown  in  Fig.  19.  The  analysis  developed  herein  predicts  a  smoothly  varying  moment 
coefficient  with  separation  point  location,  as  expected  based  on  the  model  assumptions.  In 
contrast,  the  Perumal  model  yields  widely  varying  and  probably  unrealistic  results.  Fig.20  shows  a 
comparison  of  the  results  obtained  with  the  model  developed  herein  and  that  of  Chi  with  flow 
.separation  at  25%  and  50%  airfoil  chord.  The  Chi  model  predicts  larger  changes  in  the  imaginary 
part  of  the  moment  coefficient  as  the  separation  point  location  is  moved  from  25%  to  50%  airfoil 
chord  than  does  the  present  aniysis. 


6  Summary  and  conclusions 

A  mathematical  model  was  developed  to  predict  the  effect  of  flow  separation  on  the  unsteady 
aerodynamic  lift  and  moment  acting  on  two-dimensional  flat  plate  airfoils  and  cascades  which  are 
harmonically  oscillating  in  a  subsonic  flow  field.  The  unsteady  flow  was  considered  to  be  a  small 
perturbation  to  the  uniform  steady  flow,  with  the  steady  flow  assumed  to  separate  at  a  specified 
fixed  position  on  the  suction  surface  of  the  airfoils.  In  this  formulation,  the  difference  in  the  upwash 
velocity  across  the  airfoil  in  the  separated  flow  region  was  not  required  to  be  determined  before 
calculating  the  unsteady  pressure  difference  across  the  chordline  of  the  airfoils,  thereby  eliminating 
the  assumption  that  the  upwash  difference  is  zero  at  the  trailing  edge  when  the  steady  flow  is 
separated. 

This  model  was  then  used  to  investigate  the  effect  of  flow  separation  on  bending  and  torsion 
mode  cascade  stability.  In  the  bending  mode,  the  effects  of  airfoil  leading  edge  and  midchord  flow 
separation  on  the  unsteady  aerodynamic  lift  coefficient  for  several  reduced  frequency  and  interblade 
phase  angle  values  were  considered  for  inlet  Mach  numbers  of  0.0  and  0.5.  In  the  torsion  mode, 
the  effects  of  airfoil  leading  edge,  10%  and  50%  chord  flow  separation  on  the  cascade  flutter 
boundary  as  a  function  of  the  elastic  axis  location  were  considered  for  inlet  Mach  numbers  of  0.0, 
0.3,  and  0.8.  These  results  demonstrated  that  although  flow  separation  does  decrea.se  the  bending 
mode  stability,  it  does  not  result  in  flutter.  In  the  torsion  mode,  however,  flow  separation  can  lead 
to  flutter,  with  the  cascade  torsional  stability  being  a  function  of  both  the  location  of  the  separation 
point  and  the  elastic  axis. 
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Appendix  A 


The  functions  Tf.x),  Q{x)  and  A,(.x)  are  evaluated  by  the  residue  theorem  of  complex  variables. 
These  functions  are  given  in  Eqs.  (Al)  through  (A3). 
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Note  that; 
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=  —  and  K* - 1 _ _ _ ! _ 
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For  zero  stagger  angle  and  ninety  degree  inierblade  phase  angle  (B*  +  C*)  =  0  so  that  K*  =  K*. 
The  function  Kc(x)  is  found  to  give  identical  values,  to  six  digits  right  of  the  decimal  point,  to 
Smith’s  function  K{x)  evaluated  at  the  special  case  just  described. 


Appendix  B 

The  function  R{x)  is  obtained  by  evaluating  Eq.  (Bl)  by  analytical  integration,  Eq.  (B2). 
R(x)=  *f  /e.(x-C)ydC. 
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